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The  high-spin  complex  hexaureamanganese(III)perchlorate, 

[Mn(urea)g](C104)2,  crystallizes  in  the  space  group  R3c  with  a  = 
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18.124(4),  c  =  14.042(3)  A  and  six  molecules  per  unit  cell.  The 
cation  was  found  to  have  site  symmetry  3  requiring  that  the  six  Mn-0 
bonds  be  equivalent  in  apparent  violation  of  the  Jahn-Teller  theorem. 
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Complexes  of  the  planar  hexadentate  ligand  2,9-diformyl-l, 
10-phenanthroline  bis(semicarbazone) ,  PHENSC,  were  studied. 

In  [Co(PHENSC)(H20)2](N03)2,  the  complex  crystallizes  in  the 
monoclinic  system  (space  group  P2^/c)  with  a  =  8.012(3),  b  =  10.257 
(9),  c  =  26.260(15)  A,  6  =  92.71(4)°,  and  four  molecules  per  unit 
cell.    The  cobalt  atom  is  in  the  center  of  a  pentagonal  bi pyramidal 
arrangement  consisting  of  five  of  the  six  donor  atoms  of  the  planar 
ligand  in  the  equatorial  plane  and  two  axial  water  molecules.  The 
NO^'  anions  are  joined  by  hydrogen  bonds. 

In  [Pb(PHENSC)(N02)2]»  the  complex  crystallizes  in  the  mono- 
clinic  system  (space  group  C2/c)  with  a  =  14.831(4),  b  =  16.722(4), 
c  =  8.399(2)  A,  3  =  95.27(2)°,  and  four  molecules  per  unit  cell.  The 
lead  atom  has  an  unusual  coordination  number  of  ten  involving  six 
donor  atoms  of  the  planar  in  the  equatorial  plane  and  four  oxygen 
atoms  from  two  axial  symmetric  bi dentate  nitrate  groups. 

In  {[Th(PHENSC)(H20)(N03)]20}(N03)4-H20,  the  complex  crystal- 
lizes in  the  monoclinic  system  (space  group  P2^/c)  with  a  =  14.423(3), 
b  =  25.833(10),  c  =  13.140(3)  A,  6  =  93.52(2)°,  and  four  molecules 
per  unit  cell.    The  two  thorium  atoms  in  the  bi nuclear,  oxo-bridged 
complex  both  have  coordination  numbers  of  ten  involving  six  donor 
atoms  of  the  planar  ligand,  two  oxygen  atoms  from  one  bi dentate  ni- 
trate group,  one  oxygen  from  water,  and  one  oxygen  from  the  unusual 
0X0  bridge. 


CHAPTER  I 
INTRODUCTION 

A.    The  Jahn-Teller  Effect  in  Hexaureanianganese(III)Perch1orate 

In  1937  Jahn  and  Teller'''  proved  that,  for  a  nonlinear  molecule 

in  an  electronically  degenerate  term,  distortion  must  occur  which 

2 

will  lower  the  symmetry  and  split  the  degenerate  term.      In  fact, 

a  configuration  of  a  polyatomic  molecule  for  an  electronic 
state  having  orbital  degeneracy  cannot  be  stable  with 
respect  to  all  displacements  of  the  nuclei  unless  in  the 
original  configuration  the  nuclei  all  lie  on  a  straight 
line.    An  extension  of  the  theorem  to  cover  additional 
degeneracy  arising  from  the  spin  is  established,  which 
shows  that  if  the  total  electronic  state  of  orbital  and 
spin  motion  is  degenerate,  then  a  non-linear  configura- 
tion of  the  molecule  will  be  unstable  unless  the  degeneracy 
is  the  special  twofold  one  (discussed  by  Kramers  1930) 
which  can  occur  only  when  the  molecule  contains  an  odd 
number  of  electrons.    The  additional  instability  caused 
by  the  spin  degeneracy  alone,  however,  is  shown  to  be 
very  small  and  its  effect  for  all  practical  purposes 
negligible  (p.  117).^ 

Let  us  consider  the  influence  of  the  metal  d  electrons  upon 
structure."^    For  d^,d^  (high  spin)  or  d''''^  configurations,  the  d  elec- 
trons cause  no  distortion,  i.e.,  the  central  metal  has  spherical  elec- 
trical symmetry.    Thus  the  sites  occupied  by  equivalent  ligands  are 


1 


2 


identical.    For      configuration,  if  the  electron  occupies  a  d 

Ay 

orbital,  the  electron  will  repel  electron-rich  ligands  which  are 
near  it;  the  four  ligands  bonding  in  the  xy  plane  should  move  away 
from  the  central  metal  atom.    Therefore,  in  this  case,  the  four 

equatorial  bonds  should  be  longer  than  the  two  axial  bonds.  Also, 

2  3 
a  small  distortion  is  expected  for  octahedral  d    systems.    For  d 

(t2g^),  d^  low-spin  (t2g^)  ^*2g^^g^^  systems,  the  repulsion 

between  the  d  electrons  and  all  six  donor  atoms  should  be  identical; 

4  3  1 

thus  no  distortion  is  expected.    For  d    high-spin  (t2g    eg  )  systems, 

the  first  three  electrons  occupy  t^g  orbital s;  but  the  fourth  elec- 
tron occupies  an  eg  orbital.    If  that  electron  occupies  the  d^2 
bital,  the  ligands  on  the  z  axis  will  be  repelled  (z-out);  if  the 

electron  occupies  the  ^Z-yZ  of'bital,  the  four  ligands  on  xy  plane 

g 

will  be  repelled  (z-in).    We  expect  the  same  result  for  the  d  con- 
figuration, and  experimental  evidence  has  been  published  showing 

distortions  from  octahedral  symmetry.    Similar  arguments  may  be  made 

7  5  1 

for  d    low-spin  (t2g    eg  )  systems.    Trigonal  and  tetragonal  distor- 
tion are  two  important  departures  from  cubic  symmetry.    The  distor- 
tion can  appear  either  as  an  elongation  or  a  compression  along  the 

4 

or      rotation  axes  of  the  octahedron  (Figure  1). 

According  to  the  group  theory,  two  e    orbital s  have  the  same 

y 

energy,  and  all  three  t2g  orbitals  have  identical  energy  under  0^^ 
symmetry.    The  t2g  and  eg  orbitals  will  split  under  D^^  tetragonal 
symmetry  containing  the  irreducible  representations  a^g,  b^g,  b2g, 
and  eg. 
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The  orbital  energy  diagram  for  a  tetragonal  field  for  both  elon- 
gation (z-out)  and  compression  (z-in)  are  shown  in  Figure  2.^   As  we 
can  see,  the  splittings  obey  a  center-of-gravity  rule.    The  two  eg 
orbital s  separate  so  that  one  goes  up  as  much  as  the  other  goes  down; 
the  t2g  orbital s  separate  so  that  the  doubly  degenerate  pair  goes  down 

or  up  only  half  as  far  as  the  single  orbital  goes  up  or  down.  There- 
4  9 

fore,  for  d    and  d    configurations,  there  is  no  net  energy  change  for 

the  t2g  electrons;  for  the  eg  electrons,  however,  a  net  stabilization 

6     1        6  3 

occurs.    Accordingly  for  the  configurations  t2g    eg  ,  t2g    eg  and 
3  1 

^2g  ^g  t^t'^^gonal  distortions  of  the  octahedron  will  cause  stabili- 
zation. Thus,  we  predict,  as  could  also  be  done  by  blind  application 
of  the  Jahn-Teller  theorem,  that  distortions  from  octahedral  symmetry 

are  to  be  expected  for  six-coordinate  metal  complexes  with  the  con- 

4  6 

figurations  noted  above.  ' 

In  a  regular  octahedron,  one  of  the  normal  vibrational  modes 

(e  )  in  Figure  3]  is  the  movement  of  two  opposite  ligand  atoms 

outwards  or  inwards  (axial  position)  and  the  simultaneous  movement  of 

7  8 

four  ligand  atoms  (in  the  plane)  inwards  or  outwards.  '     These  mo- 
tions are  shown  in  Figure  4  as  the  simplest  forms  of  Jahn-Teller  dis- 
tortion for  an  octahedron.^    In  both  cases,  those  displacements  lead 
to  a  reduced  energy  for  the  system.    The  Static  Jahn-Teller  Effect 
can  explain  a  permanent  distortion  of  the  molecule.    In  fact,  it 
occurs  whenever  the  displacement  of  the  ligand  atoms  takes  place  into 
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one  of  the  arrangements  represented  in  Figure  4b  or  4c.  The  Dynamic 
Jahn-Teller  Effect  occurs  whenever  both  distorted  forms  are  of  lower 
energy  than  the  undistorted  octahedron,  and  the  potential  barrier  for 
interconversion  between  two  forms  is  small.  In  this  case,  the  mole- 
cule can  convert  from  one  form  to  another,  and  the  time  average  posi- 
tion of  the  ligand  atoms  around  the  center  of  metal  atom  in  complex 
may  be  close  to  the  regular  octahedral  positions.^ 

A  wide  range  of  physical  and  chemical  properties  can  be  measured 

9 

in  studying  the  Jahn-Teller  effect.    The  measurements  may  be 

(a)  resonance  investigations  (i.e.,  in  the  whole  range  of  spec- 
troscopy) , 

(b)  non-resonance  investigations  (i.e.,  stereochemistry,  crystal 
chemistry,  chemical  reactivity,  magnetic  and  electric  polarizabil ity, 
and  so  on) . 

Therefore,  several  techniques  such  as  structural  analysis  by  X-ray, 
neutron  or  electron  diffraction,  EPR  spectroscopy  at  different  temp- 
eratures, vibrational  analysis,  optical  absorption  spectroscopy,  and 
Mossbauer  spectroscopy  can  be  considered. ^'^'^''^^    Electron  paramag- 
netic resonance  proves  to  be  the  most  powerful  method  for  analyzing 
the  symmetry  aspects  and  static-to-dynamic  phase  transitions  of  Jahn- 
Teller-unstable  solid  compounds,  and  gives  information  about  the  elec- 
tronic and  magnetic  properties.    Structural  analysis  by  X-ray,  neu- 
tron or  electron  diffraction  gives  information  on  the  Jahn-Teller 
radius  Rj^.    In  the  case  of  a  permanent  static  distortion  in  low  sym- 
metry sites,  Rjj  is  given  by  the  equation^^ 


10 


0  7  ?        ^  9 

where  S„    and  S„,  denote  the  two  components  of  the  degenerate  e 
distortion  (Figure  3)  and  six  Ad^'s  show  the  deviations  of  individ- 
ual Metal-Ligand  bond  lengths  from  the  average  Metal-Ligand  bond 
distance  d^.    In  cases  of  purely  dynamic  or  disordered  static  distor- 
tion, Rjj  is  given  by  the  equation^'^ 

The  linear  coupling  between  electronic  and  vibrational  motions  lead 

12  13 

to  potential  surface  which  is  called  the  "Mexican  Hat"  (Figure  5).  ' 

The  energy  surfaces  which  arise  from  this  coupling  (upper  and  lower 

12 

potential  surfaces),  E^,  given  below 

r-      _    r       ,    „       ,    MCO^  2 

-       ±  Vp  +  — p 

The  electronic  energy  in  the  absence  of  the  Jahn-Teller  effect 
is  E^.    The  second  and  third  terms  represent  the  strength  of  the 
linear  Jahn-Teller  coupling  and  the  potential  energy  associated  with 
the  Eg  vibrations,  respectively.    The  radial  coordinate  measuring  the 
extent  of  distortion  is  p,  M  is  the  mass  of  one  of  the  six  ligands, 
and  0)  is  the  frequency  of  the  radial  vibration.    The  circular  valley 
(dotted  line  at  bottom  of  potential)  with  radius  Rj-j-  is  stabilized  by 

the  Jahn-Teller  energy  Ejj  relative  to  the  energy  E^  at        =  $2^^  = 

11  12 
0.       The  Jahn-Teller  stabilization  energy  with  respect  to  E^  is 
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F      -  F  F    =  Mw^    2      _  .  _  iVi 


The  distance  between  the  minimum  positions  and  the  upper  potential 

11  12 

surface  gives  4Ejj  value.    '      Optical  absorption  spectroscopy  gives 

approximate  information  on  the  cubic  ligand  field  splitting  a  and 

also  indirectly  on  the  Jahn-Teller  energy  Ejj-'^^ 

The  best  candidates  for  consideration  of  Jahn-Teller  effect  are 
12 

the  following: 

.31     5c    r  2+  3+ 
to„  e„    -    E„:Cr    ,  Mn 

2g  g  g 
2g  g  g 

.6  3    2c  .,.+  p  2+  .  2+ 
2g  ^g   "   ^g'^^  '        '  ^9 

2+  3+ 

but  more  examples  are  available  for  the  Cu     and  Mn     ions  than  for 
the  others.    However,  the  crystal  structure  of  chromium(II )fluoride, 
CrF2  shows  the  two  axial  Cr-F  distances  are  significantly  longer 
(2.43  A)  than  the  other  four  Cr-F  distances  (2.00  A)^.    The  structure 
of  the  low-spin  complex,  K2BaCo(N02)g,  has  been  determined  by  three- 
dimensional  X-ray  diffraction  at  room  temperature,  and  all  of  the  Co-N 
bonds  are  equivalent  (1.98  A).-^^    But,  at  233  K,^^  this  complex  shows 

o  o  o 

three  independent  Co-N  bond  lengths  of  1.94  A,  2.10  A,  and  1.90  A 
along  the  x,  y,  and  z  axes,  respectively.    The  results  indicate  a  dy- 
namic Jahn-Teller  distortion  at  233  K.-^^'^^    Silver(II)  Bis(pyridine- 
2,6-dicarboxylate)  monohydrate,  Ag(C7H^N04)2-H20,    shows  a  very  dis- 

1  c 

torted  octahedral  structure.       However,  the  two  ligands  coordinated 
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are  different,  i.e.,  one  is  anionic  and  the  other  is  molecular.  In 

o 

the  anionic  ligand  the  Ag-N  bond  length  is  2.09  A,  and  the  two  nega- 

o 

tively-charged  oxygen  atoms  are  2.20  A.    In  the  neutral  ligand,  the 

o 

Ag(II)  is  bonded  less  strongly  to  the  nitrogen  (2.21  A)  and  to  the 

o 

"Ketonic"  oxygen  atoms  at  2.53  A. 

An  excellent  example  of  a  species  undergoing  a  Jahn-Teller  dis- 

g 

tortion  is  the  d    Copper(II)  ion.    Many  articles  have  been  published 
concerning  the  Jahn-Teller  effect  in  Cu(II)  systems.    A  series  of 
compounds  containing  the  hexanitrocuprate(II)  ion,  [Cu(N02)g]^  , 

1  T.pC 

have  been  reported.  The  most  accurate  determination  of  the 

structure  of  potassium  lead  hexanitrocuprate(II) ,  K2PbCu(N02)g,  shows 
the  Cu-Ng  configuration  is  octahedral,  an  apparent  violation  of  the 
Jahn-Teller  theorem.    However,  the  thermal  parameters  of  the  nitrogen 
atoms  are  in  accord  with  the  assumption  of  a  dynamic  Jahn-Teller 

o 

effect.    The  Cu-N  bond  distance  in  this  complex  is  2.111  A;  the 
space  group  is  FmS.'^^    The  structure  of  potassium  lead  hexanitro- 
cuprate(II)  at  276  K  shows  a  compressed  tetragonal  Jahn-Teller  dis- 

o 

tortion  with  two  short  Cu-N  bond  distances  2.058  A  and  four  long  Cu-N 

°  18 
bonds  with  an  average  distance  2.160  A;  the  space  group  is  Fmmm. 

In  fact,  by  decreasing  the  temperature  a  few  degrees,  the  dynamic 
Jahn-Teller  effect  is  "frozen"  out  and  the  structure  becomes  dis- 
torted.   The  single  crystal  EPR  of  K2PbCu(N02)g  has  been  interpreted 

19 

in  terms  of  a  tetragonal ly  compressed  environment  for  Cu(II).  The 


compound  Tl2PbCu(N02)g,  cubic,  Fm3,  is  isomorphous  with  K2PbCu(N02)g 
at  295  K;  the  Cu-N  bond  distance  is  2.118  A.^^   The  EPR  results  indi- 
cate both  compounds  undergo  phase  transitions  to  lower  symmetry 


15 


19  21 

lattices  when  the  temperature  is  decreased.    '      The  root-mean-square 

nitrogen  atom  displacements  for  both  complexes  at  295  K  indicate  that 

the  nitrogen  atoms  show  greater  thermal  motion  along  the  Cu-N  bond 

20  22 

than  at  right  angle  to  it.    '  This  feature  of  the  thermal  motion 

is  consistent  with  the  presence  of  a  dynamic  Jahn-Teller  effect. 

The  isomorphous  compounds  K2PbNi (N02)g,  cubic  (Fm3)  and  K2PbCu 

22 

(N02)g  have  been  compared  to  each  other.  In  K2PbNi (N02)g,  the  ther- 
mal parameters  suggest  less  motion  along  the  Ni-N  bond  and  greater 

22 

motion  at  right  angles.       In  contrast  to  the  salts  discussed  above, 

23 

the  structures  of  the  isomorphous  series  of  compounds  K2CaCu(N02)g, 
K2BaCu(N02)g,^^  K2SrCu(N02)5,^^  and  Rb2PbCu(N02)5^^  are  distorted  at 
room  temperature  (Fmmm  space  group). 

Redetermination  of  the  crystal  structure  of  tris(ethylenediamine) 
Copper(II)  sulfate,  Cu(NH2CH2CH2NH2)3S0^,  indicates  the  copper  and  sul- 
fur atoms  are  located  at  positions  of  32  (D2)  symmetry.    This  com- 
pound is  isostructural  with  Ni (NH2CH2CH2NH2)3S0^.    The  compound  crys- 
tallizes in  the  trigonal  space  group  P31c,  with  a  Cu-N  bond  length  of 

o 

2.150  A.    The  site  symmetry  of  copper  is  in  violation  of  the  Jahn- 
27 

Teller  theorem.       The  thermal  parameters  for  the  copper(II)  com- 
.pound  are  somewhat  larger  than  those  in  Ni(en)2S0^;  but  the  difference 
is  small.    Therefore,  it  is  difficult  to  draw  conclusions  about  the 
existence  of  such  an  effect  based  upon  these  data  above.    It  is  sig- 
nificant that  the  crystal  structure  of  Cu(NH2CH2CH2NH2)3S04  at  120  K 
indicates  the  triclinic  space  group  PI.    The  two  shortest  Cu-N  dis- 
tances are  2.05  and  2.06,  but  the  average  of  the  four  long  Cu-N 
°  28 

lengths  is  2.22  A.       The  single-crystal  polarized  and  ESR  spectra  of 
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Cu(en)2S0^  at  room  and  low  temperatures  were  considered  in  terms  of 
dynamic  distortions.    The  ESR  spectra  between  room  and  liquid  helium 
temperature  of  this  complex  have  been  interpreted  on  the  basis  of 
dynamic-static  Jahn-Teller  distortions.  Since  vibronic  coupling  de- 
termines distortions  along  the  bond  directions,  the  systems  can  be 

29 

better  described  as  tetragonal ly  distorted.       On  the  other  hand,  the 

structure  of  Cu(en)2Cl2'0.75en  is  best  described  as  a  tetragonal ly 

28 

elongated  octahedra. 

Another  example  of  a  Cu(II)  complex  exhibiting  no  static  Jahn- 
Teller  distortion  is  tris(octamethyl pyrophosphoramide)  copper(II)  per- 
chlorate,  Cu(0MPA)2(C10^)2,  with  trigonal  space  group  Plcl.    The  Cu-0 

o 

bond  length  is  2.065  A,  and  the  site  symmetry  of  the  copper  ion  is 
D^.    According  to  the  Jahn-Teller  theorem,  this  symmetry  should  be 
unstable.    This  complex  is  isomorphous  with  Mg(II)  and  Co(II)  com- 
plexes.   The  anisotropic  thermal  parameters  of  the  three  complexes 
were  considered  for  the  dynamic  Jahn-Teller  distortions.    The  root- 
mean-square  amplitudes  for  0-Cu  and  0-Mg  [Jahn-Teller  distortions  are 
absent  for  Mg(II)]  are  almost  the  same.    Therefore,  the  thermal  para- 
meters fail  to  show  any  oscillation  which  can  be  interpreted  in  terms 

30 

of  a  dynamic  Jahn-Teller  effect.       Single  crystal  EPR  spectra  of 

this  compound  have  been  obtained  at  90  K,  and  the  results  are  corre- 

31 

lated  with  X-ray  structural  data. 

The  crystal  and  molecular  structure  of  tris-(2,2 ' -bipyridyl ) 
copper(II)  perchlorate,  Cu(bipy)2(C10^)2>  indicates  unequal  distor- 

o 

tions  of  the  axial  Cu-N  bonds.    The  average  Cu-N(eq)  is  2.031  A, 

°  32 

Cu-N(ax)  2.226    and  2.450  A,     but  the  crystal  and  molecular  structure 
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of  tris(l,10-phenanthroline)copper(II)  perchlorate,  Cu(phen)2(C104)2, 
shows  equal  distortion  of  the  axial  Cu-N  bonds.  The  average  Cu-N(eq) 
is  2.04  A,  and  the  average  Cu-N(ax)  is  2.33  A.^^ 

The  crystal  structure  of  Cu{tach)2(N02)2  and  Cu(tach)2(C10^)2 
(tach  cis,cis-l,3,5-triaminocyclohexane)  were  investigated  by  X-ray 
crystallography  at  room  temperature  and  by  ESR  spectroscopy  between 
4  and  300  K.'''"'^    The  complex  Ni (tach)2(N02)2»  "in  which  the  Jahn-Teller 
effect  is  absent,  was  also  studied  for  comparison.    "Both  Rj-j-  and  the 
average  Cu-N  distance,  d^,  were  found  to  be  equal  within  experimental 
error  for  dynamically  distorted  Cu(tach)2(N02)2  s^d  statically  dis- 
torted Cu(tach;^(C104)2"  (p.  749).^^ 

4 

An  excellent  example  of  a  d    species  undergoing  Jahn-Teller  dis- 
tortion is  Mn(III).    The  Mn(III)  has  a  strong  tendency  to  dispropor- 
tionate.   The  equilibrium  constant  for  the  reaction  represented  below 

•    in9  34 
is  10  . 

2Mn(H20)g'^  — >   Mn(H20)g"^  +  Mn02(S)  +  4H30'^     "^eq  ~ -^^^ 

The  standard  electrode  potential  for  Mn(III)/Mn(II)  in  acid  media  is 

+1.51  V.    Therefore,  Mn(III)  is  a  strongly  oxidizing  species  compar- 

able  to  permanganate  ion  in  acid  media  (MnO^/Mn     =  +1.51  V).  ' 

The  Mn(III)  stability  can  be  increased  either  by  increasing  the  acid- 

ity  or  by  complex  formation.       Almost  all  Mn(III)  complexes  --  except 

3  16 

those  containing  cyanide  ion  --  are  high  spin  (t2g  e^  ). 

4  5 
The  d  ,  manganese(III)  ion  has  a    D  field-free  ground  term  level 

5 

which,  in  an  octahedral  field,  splits  into  a    Eg  ground  term  and  a 
5 

T2g  excited  term.    However,  the  Jahn-Teller  theorem  predicts  that  an 
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octahedral  complex  will  distort  in  order  to  remove  the  orbital  de- 
generacy of  the  ground  term.    Because  the  orbital  degeneracy  lies  in 
the  e^  orbital s,  the  ground  term  splitting  is  expected  to  be  larger 

than  that  of  the  excited  term.    Therefore,  the  ground  electronic 

5 

term  anticipated  in  octahedral  complexes.    Eg,  is  subject  to  strong 

37 

Jahn-Teller  forces.       In  general,  the  three  absorption  bands  ob- 
served in  the  visible  region  of  the  electronic  spectra  have  been 

37  38 

satisfactorily  assigned  in  terms  of  D^^  symmetry.  '  A  few  crystal 
structures  for  Mn(III)  complexes  containing  six  chemically  equivalent 
donor  atoms  are  available  for  consideration  of  Jahn-Teller  effects. 

It  is  interesting  to  consider  3-manganese(III)acetylacetonate, 
Mn(acac)2j  which  crystallizes  with  the  space  group  P2^/c.    The  struc- 
ture reported  by  Morosin  and  Brathovde  (MB)  was  believed  to  show  no 

39 

Jahn-Teller  distortion.       However,  the  structure  of  CoCacac)^  deter- 
mined by  Hon  and  Pfluger  was  found  to  be  nearly  identical  to  that  re- 
ported by  MB  for  MnCacacj^-^*^    Since  the  possibility  was  strong  that 
MnCacac)^  and  Co(acac)2  compounds  were  mis-labeled,  Fackler  and  Avdeef 
reexamined  the  structure  of  Mn(acac)2  and  suggested  that  the  MnCacac)^ 
structure  reported  previously  by  MB  was  actually  that  of  CoCacac)^.^^ 
Fackler  and  Avdeef  found  two  short  Mn-0  average  bond  distances  of 

o  o 

1.95  A  and  four  long  Mn-0  bond  distances  averaging  2.00  A.    The  6 

form  of  MnCacac)^  was  reexamined  by  Stults  et  al . ,  and  their  results 

42 

are  somewhat  more  precise. 


The  crystal  and  molecular  structure  of  a  y  form  of  MnCacac)^  with 

42 

space  group  PZ-^/n  was  determined  by  Stults  et  al .  The  structure  of  the 
y  form  indicates  a  tetragonal  elongation  with  an  average  of  the  two 
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5 

late  complexes,  the  degeneracy  of  the    E  ground  term 


long  trans  Mn-0  bond  lengths  of  2.111  A  and  the  four  short  Mn-0  bond 

o 

lengths  of  1.935  A.    This  distortion  is  presumably  the  result  of  the 

Jahn-Teller  effects  for  the  high-spin  d^  Mn(III). 

The  structure  of  tris(tropolonato)manganese(III) ,  Mn(trop)2, 

43 

space  group  P2j/c,  has  been  determined.       The  unit  cell  contains  two 
crystal lographical ly  independent  molecules.    Molecule  I  is  tetra- 
gonal ly  elongated  MnOg  geometry  with  average  bond  lengths  of  1.94  and 

o 

2.13  A  and  with  an  average  trigonal  twist  angle  of  48.9°.  Molecule 
II  is  orthorhombic  MnOg  distortion  with  average  bond  jdistances  of 

o  j 

1.94,  1.99  and  2.05  A  with  an  average  trigonal  twist  jangle  of  49.9°. 
It  is  obvious  that  in  a  regular      symmetry  encountered  in  tris  che- 

is  not  lifted; 

further  reduction  in  symmetry  is  required.    Accordingly,  both  asym- 

43 

metric  molecules  show  distortion  from  a  regular  conformation. 

For  comparison,  the  average  twist  angle  for  MnCacac)^  is  60.2°,  indi- 

41 

eating  very  little  distortion  from  regular      symmetry.       The  average 
twist  angle  for  Mn(acac)2  is  larger  than  for  Mn(trop)2,  because  of 
the  larger  "bite"  distance  for  acac. 

The  crystal  structure  of  tri potassium  tris(malonato)  manganese 
(III)  dihydrate,  K2[Mn(mal •2H2O  has  also  been  reported,  space  group 
C2/c.    "The  [Mn(mal)2]     ion  is  approximately  a  trigonal ly  distorted 
octahedron  with  small  deviations  from      symmetry,  arising  from  lat- 
tice forces  which  vary  as  a  result  of  the  packing  of  the  complex, 
from  Jahn-Teller  distortion  in  Mn(III)  complexes,  and  from  crystal- 
lographic  symmetry  which  imposes  a  C2  axis  on  the      geometry"(p.  1945) 

o 

The  Mn-0  bond  distances  for  this  complex  are  1.92,  2.00  and  2.04  A. 
These  values  indicate  the  distortion  from  octahedral  symmetry. 
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The  crystal  structure  of  tris-(NN-diethyldithiocarbamato)  manga- 

nese{III),  Mn(S2CNEt2)3,  space  group  P2j/a,  was  determined  using 

single-crystal  X-ray  photographic  data.    The  compound  shows  large 

45 

distortions  from  regular  point-symmetry.  The  complex  contains 
approximately  three  opposing  and  equivalent  pairs  of  Mn-S  bond  dis- 

o 

tances  of  2.38,  2.43  and  2.55  A. 

The  crystal  and  molecular  structure  of  the  dichloromethane-sol- 

vated  tris[morphol inocarbodithioate  of  manganese(III)] ,  Mn-M-CH2Cl2» 

shows  space  group  PI  with  a  tetragonal  distortion.    This  distortion 

46 

arises  from  the  Jahn-Teller  effect.      The  Mn*M-CHCl2  has  been  deter- 
mined by  single-crystal  X-ray  diffraction.    The  compound  has  space 
group  pT  and  shows  strong  tetragonal  distortion  in  addition  to  the 
trigonal  distortion.    The  solvent  interaction  in  this  complex,  as 

well  as  the  Jahn-Teller  effect,  is    responsible  for  the  strong  dis- 
47 

tort! on. 

Indeed,  there  are  a  significant  number  of  structures  reported 
for  manganese(III)  complexes  which  purport  to  demonstrate  the  exis- 
tence of  an  axial  distortion.    However,  in  the  majority  of  instances, 
the  complexes  investigated  contain  multifunctional  ligands,  in  which 
case  there  are  inherent  constraints  imposed  upon  the  nature  and  ex- 
tent of  the  distortion  permitted.    No  X-ray  data  are  reported  for 
mononuclear  manganese(III)  complexes  containing  only  identical,  mono- 
functional  ligands.    Only  in  such  a  system  can  one  expect  to  observe 
the  full  extent  of  a  structural  distortion  and  the  attendant  large 
spectral  splitting.    A  suitable  candidate  for  this  study  was  found  in 
the  complex  Mn(urea)^(C10«)^,  which  has  been  used  over  a  period  of 
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years  as  a  reagent  in  the  synthesis  of  a  variety  of  manganese(III) 
complexes/^   The  hexaureamanganese(III)  complex  is  reasonably  stable 
in  the  absence  of  moisture,  it  does  not  seem  to  be  subject  to  photo- 
decomposition,  and  it  is  easily  prepared.    On  the  basis  of  solution, 

diffuse  reflectance,  and  mull  spectra  data,  this  complex  seems  to  be 

48 

typically  distorted.    These  considerations  and  the  absence  of  reported 
structure  data  for  the  hexaureamanganese(III)  complex  have  prompted 
the  preparation  and  study  of  this  interesting  ion. 

B.    Molecular  Structure  of  High  Coordination  Complexes 
Metal  complexes  of  Schiff  bases  have  been  considered  in  the 
development  of  coordination  chemistry.    Some  possible  patterns  avail- 
able for  hexadentate  chelating  agents  are  shown  in  Figure  6,  exclud- 

49 

ing  cyclic  structures  with  fewer  than  six  donor  atoms  in  the  ring. 

The  most  important  hexadentate  chelating  agent  is  probably 
ethylenediaminetetraacetic  acid  (EDTA  or  H^Y),  Figure  7a.    The  capac- 
ity of  this  ligand  with  different  metal  ions  has  been  studied.  Three- 

50-55 

dimensional  X-ray  analyses  of  those  complexes  are  available. 

Hoard  and  coworkers  have  determined  the  geometry  of  the  type 

[M(EDTA) (H2O)]"",  seven-coordinate  aquo  complexes  with  different  metal 

ions  [M  =  Fe(III),  Mn(II),  Mg(II)].    They  have  noted  that  two  kinds 

of  geometries  can  be  obtained,  viz.,  pentagonal  bi pyramid  and  capped 

trigonal  prism.    The  coordination  numbers  in  K[La(H20)2EDTA] •5H2O 

and  H[La(H20)^-EDTA] •3H2O  are  nine  and  ten,  respectively,  and  both 

54  55 

structures  have  been  determined  by  X-ray  diffraction.    '  Trans- 
l,2-diaminocyclohexane-N,N ' -tetraacetic  acid  (DCTA)  also  functions  as 
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Figure  6.    Patterns  available  for  hexadentate  chelating  agents. 


Figure  7:    Hexadentate  chelating  agents. 


(a)  Ethyl enedi amine  tetraacetic  acid 

(b)  N,N,N' ,N'-tetrakis  (2'-aminoethyl )-l,2-diaminoethane 

(c)  Hexatertiaryphosphine  1,1,4, 4-tetrakis(2-diphenyl  phos- 
phinoethyl )-l,4-diphosphabutane 

(d)  l,8-Bis-(sal icylidenamino)-3,6-dithiaoctane 

(e)  Tris-(sal icyl idene)deri vative  of  2-aminomethyl-l,3-diamino 
propane 

(f)  Tris[l-(2-pyridyl  )-2-azabuten-4-yl]aniine 

(g)  cis,cis-l,3,5-tris(pyridine-2-aldiniino)cyclohexane 

(h)  cis,cis-l,3,5-Triaminocyclohexane-N,N' ,N"-triacetic  acid 

(i)  15,18-Dithia-l,5,8,12-tetraaza-3,4:9,10:13,14:19,20-tetra- 
benzocycloeicosane-l,ll-diene 

(j)  l,8-Bis(fluoroboro)-2,7,9,14,15,20-hexaoxa-3,6,10,13,16,19 
hexaaza-4,5,ll,12,17,18-hexamethylbicyclo[6.6.6]eicosa- 
3,5,10,12,16,18-hexaene 

(k)  Fluoroborotris-(2-carboxaldimino-6-pyridyl )phosphine 
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a  hexadentate  ligand  in  Ca[Fe(H20)DCTA]2-8H20.    The  [Fe(H20)DCTA]" 

ion  is  a  seven-coordinate  aquo  complex;  the  crystal  structure  was 

56 

studied  by  three-dimensional  X-ray  analysis.       Figure  7b  and  Figure 

57 

7c  show  two  analogous  hexadentate  ligands  with  nitrogen     and  phos- 
phorus^^ donors,  respectively.    The  X-ray  structure  of  the  first  one 
57 

is  available. 

The  first  linear  hexadentate  chelating  agent,  1 ,8-bis-(salicyl- 

59 

idenamino)-3,6-dithiaoctane,  was  made  by  Dwyer  and  Lions  (Figure 
7d).    There  are  many  articles  published  on  hexadentate  1  igands 


Dwyer  and  Lions  contributed  to  many  of  these.    The  sulphur  donor  atoms 

he  o-t 
67,71 


can  be  replaced  by  oxygen^^  or  nitrogen, ^'^  and  the  o-hydroxyphenyl 


fragment  can  be  replaced  by  the  a-pyridyl  group. 

The  tris(sal icyl idene)  derivative  of  2-aminomethyl-l,3-diamino- 
propane  has  been  prepared  and  forms  the  hexadentate  chelate  agent 
(Figure  7e);  the  o-hydroxyphenyl  fragment  can  be  replaced  by  the  a- 
pyridyl  group. 

Figure  7f  shows  a  flexible  ligand  with  seven  nitrogen  donors. 

The  nickel (II)  complex  of  this  ligand  was  studied  by  X-ray  diffrac- 
72 

tion.  The  inspection  of  molecular  models  suggested  that  this 
ligand  would  be  hexadentate.    The  X-ray  study  showed  the  unique 

o 

metal -nitrogen  distance  is  3.25  A,  whereas  the  other  Ni(II)-N  dis- 

o 

tances  are  2.10  A,  but  the  lone  pair  of  electrons  on  the  central 
tertiary  amino  nitrogen  atom  is  directed  toward  the  nickel  atom. 

The  ligand  cis ,cis-l ,3,5-tris(pyrindine-2-aldimino)cyclohexane, 

CO  7'3_7C 

Figure  7g,  was  studied  as  a  hexadentate  chelating  agent.  ' 
The  structures  of  the  zinc(II)  and  nickel (II)  complexes  of  this 
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73  75 

ligand  were  determined  by  single  crystal  X-ray  diffraction.  ' 
Zinc(II)  forms  a  trigonal  prismatic  complex,  but  Ni(II)  complex  has 
a  geometry  intermediately  between  trigonal  prismatic  and  octahedral. 

The  average  angle  of  twist  from  trigonal  prismatic  in  the  zinc(II) 

73  75 
complex  is  only  4.5°,     but  in  Ni(II)  complex  it  is  around  32°. 

The  a-pyridyl  group  in  this  ligand  can  also  be  replaced  by  o-hydroxy- 

phenyl  fragment. 

Figure  7h  shows  cis,cis-l,3,5-triaminocyclohexane-N,N' ,N"-tri- 
acetic  acid,  which  acts  as  a  hexadentate  ligand  in  Co(III)  complex. 

Figure  7i  shows  15,18-dithia-l,5,8,12-tetraaza-3,4:9,10:13,14: 

19,20-tetrabenzocycloeicosane-l,ll-diene  (N^S2),  which  acts  as  a 

hexadentate  and  gives  [M(N4S2)](C10^)2'CH20H,  where  M  =  iron(II), 

2+ 

cobalt(II),  nickel (II),  and  zinc(II).    The  [Fe(N^S2)]     ion  struc- 
ture was  determined  by  a  single  crystal  X-ray  diffraction.^^  The 
structure  is  distorted  slightly  from  octahedral  geometry,  because 
iron-sulfur  bonds  are  longer  than  iron-nitrogen  bonds,  and  the  N-Fe-N 
bond  angle  in  trans  position  is  about  175°. 

The  crystal  structures  of  cobalt(II)  and  cobalt(III)  with  the 
cage  ligand  (Figure  7j)  l,8-bis(fluoroboro)-2,7,9,14,15,20-hexaoxa- 
3,6,10,13,16,19-hexaaza-4,5,ll,12,17,18-hexamethylbicyclo[6.6.6]- 

78 

eicosa-3,5,10,12,16,18-hexaene,  were  studied  by  X-ray  diffraction. 
The  polyhedron  in  the  Co(II)  complex  has       symmetry  and  is  slightly 
(8.6°)  distorted  from  prismatic;  in  the  Co(III)  complex  it  has  a  con- 
figuration between  octahedral  and  trigonal -prismatic. 

Figure  7k  shows  fluoroborotris-(2-carboxaldimino-6-pyridyl )phos- 
phine.    A  single  crystal  X-ray  study  of  [{FB(0NCH-C5H2N)3P}Ni (II)][BF^] 
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indicates  that  the  cation  has  C^^  symmetry.    The  nickel  atom  is  coor- 
dinated to  six  nitrogen  atoms,  and  is  distorted  only  1.6°  from  tri- 
gonal-prismatic-/^ but  the  iron(II)  complex  is  distorted  by  approxi- 

80 

mately  21.5°  from  the  ideal  trigonal  prism. 

There  are  many  macrocyclic  hexadentate  ligands  available  in 
addition  to  those  mentioned  above.    For  example,  a  series  of  cyclic 
polyethers^^  and  polyether  sulfides^^  have  been  studied  by  Pedersen. 

The  new  planar  hexadentate  2,9-diformyl-l,10-phenanthroline  bis 
(semicarbazone) ,  PHENSC    (Figure  8),  has  been  prepared  and  found  to 
yield  a  series  of  complexes  which  are  described  in  this  research. 
This  ligand  is  typical  of  hexadentate  chelating  agents,  which  would 
be  forced  to  form  metal  complexes  involving  six  donors  in  the  plane. 
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Figure  8.    2,9-Diforrnyl-l,10-phenanthroline  bis(semicarbazone) . 


CHAPTER  II 
GENERAL  DIFFRACTION  EXPERIMENTAL 
The  following  is  a  general  description  of  the  experimental  method 
used  in  the  determination  of  molecular  structures. 

Precession  and  Weissenburg  photographs  were  used  to  determine 

0'3_QC 

the  space  group  and  unit  cell  dimensions.    "      The  accurate  cell  con- 
stants with  estimated  standard  deviations  and  the  intensity  data  were 
measured  by  using  a  Syntex  PT  diffractometer.    The  cell  volume  and 
its  estimated  standard  deviation  were  determined  from  the  cell  con- 
stants.   The  calculated  density  is  usually  in  agreement  with  the  crys- 

tal  density  as  determined  by  the  flotation  method.       The  density  of 

3 

the  flotation  liquid  was  measured  to  ±  0.002  g/cm   with  a  precision 
hygrometer. 

Graphite-monochromatized  molybdenum  radiation  was  used  for  the 
measurements  of  the  intensity  data.    A  variable  speed  9-29  scan  tech- 
nique was  used  to  measure  intensities.    All  intensity  measurements  were 
taken  at  room  temperature  with  a  Syntex  PI  diffractometer.    The  scan 
rate  varied  linearly  from  l°/minute  for  counts  of  150  or  less  to  24°/ 
minute  for  1500  counts  or  more.    The  intensity,  I,  is  equal  to 

.  =  (scan  .ate)[(total  scan  counts)  -  [llXZlt  ITTcll  ratlojJ 
The  estimated  standard  deviation,  a(I),  for  each  reflection  is  given 

by 
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2  1/2 

,r\     rr^  ^  1  4.  \  ^  (background  counts)  

(I)  =  [(total  scan  counts)  +  (background  to  scan  ratio)-' 


Structures  were  solved  by  the  heavy-atom  method  and  refined  by 
least-squares  techniques.    The  heavy  atom  position  was  determined  from 
a  Patterson  function. 


P{UW)=^l      I      I  |F(hkl)|^cos2TT(hU+kV+lW), 
c  h=-°°  k=-°o  l=-<» 

and  the  remaining  nonhydrogen  atoms  were  determined  by  successive 

87 

Fourier  Syntheses, 

OO  00  oo 

p(XYZ)  I       I  |F(hkl)|cos[9-a(hkl)] 

c  h=-<»  k=-°°  l=-«> 

88 

Scattering  factors  were  determined  from  the  International  Tables. 
Anisotropic  temperature  factors  for  the  nonhydrogen  atoms  of  the  form 

exp[-(3;Llh^+B22l<^+B33l^+3i2'^'^"^^13^^"^^23'^^^^ 

were  used  in  all  block-digonal  least-squares  calculations.  Isotropic 
thermal  parameters  only  were  used  in  the  refinement  of  the  hydrogen 
atom  positions.    The  differences  between  observed  and  calculated 
structure-factor  amplitudes,  expressed  as  an  R  value,  where 

83  89 

give    a  measure  of  the  precision  of  the  crystal  structure.  ' 

An  R  value  of  about  0.05  shows  a  well-refined  structure.  There 
are  a  number  of  factors  which  limit  the  agreement  between  the  observed 


00  00 


31 


and  calculated  F  values.    The  accuracy  of  measurement  of  intensities 
is  not  high,  and  it  is  often  difficult  to  correct  for  absorption  and 
extinction.    The  scattering  factor  curves  are  known  with  only  mod- 
erate precision.  The  problems  of  anisotropic  thermal  motions  and 

non-spherical  electron  distributions  in  bonded  atoms  are  difficult 
89 

to  solve. 

All  calculations  were  carried  out  on  an  Amdahl -470/V6  using  lo- 
cal programs  written  or  modified  by  G.J.  Palenik. 
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Table  1 

Crystal  Data  for  Mn[0C(NH2)2]5(C104)3 


Formula  CqH2^0^qH^2^] ^^n 


Molecular  Weight  713.62 

Space  Group  R3c 

a,  A  18.124(4) 

b,  A  18.124(4) 

c,  A  14.042(3) 
a,  deg  90* 

6,  deg  90* 

Y,  deg  120* 

Volume,  A^  3995(1) 

Z  6 

D^,  gcm'^  1.788 

D^,  gcm"^  1.780 

Crystal  Size,  mm  0.14  x  0.12  x  0.12 

y,  cm"-^  8.7 

Radiation  Used  Mo  Ka  -  graphite 

monochromator 


26  Range  0-45 

No. of  Measured  Reflections  642 

No. of  Reliable  Reflections  364 

K  [in  I  <  Ka(I)]  2.0 

Goodness  of  Fit  0.98 

R  0.055 

Required  by  symmetry  of  space  group. 


o 
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Table  2 

Crystal  Data  for  [Co(PHENSC) (H20)2] (N03)2 


Formula 


^16^18010^10^° 


Molecular  Weight 
Space  Group 

o 

a,  A 

o 

b,  A 

o 

c,  A 
a,  deg 
6,  deg 

Y.  deg 
Volume,  P 
z 

-3 

g  cm 
m  ^ 

-3 

D^,  g  cm 
Crystal  Size,  mm 
u,  cm  ^ 

Radiation  Used 
26  Range 

No.  of  Measured  Reflections 

No.  of  Reliable  Reflections 

K  [in  I  <  Ka(I)] 

F  (low) 

F  (high) 

Goodness  of  Fit 

R 


569.32 
P2^/c 
8.012(3) 
10.257(9) 
26.260(15) 
90* 
92.71(4) 
90* 
2155(2) 
4 

1.714 
1.754 
0.25  X  0.09  X  0.09 
8.7 

Mo  Ka  -  graphite 
monochromator 

0  -  45° 
2824 
2103 
2.0 
14.0 
56.0 
2.0 
0.044 


Required  by  symmetry  of  space  group, 
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Table  3 

Crystal  Data  for  [Pb(PHENSC) (N03)2] 


Formula 


Molecular  Weight 
Space  Group 

o 

a,  A 

o 

b,  A 

o 

c,  A 
a,  deg 
B.  deg 
y,  deg 
Volume,  A^ 
z 

-3 

D^>  9  cm 
m  ^ 

-3 

D^,  g  cm 
c  ^ 

Crystal  Size,  mm 
y,  cm  ^ 

Radiation  Used 
28  Range 

No.  of  Measured  Reflections 
No.  of  Reliable  Reflections 
K  [in  I  <  Ka(I)] 
Goodness  of  Fit 
R 


681.54 
C2/C 
14.831(4) 
16.722(4) 
8.399(2) 

90* 
95.27(2) 
90* 
2074(1) 
4 

2.175 
2.198 
0.12  X  0.07  X  0.07 
82.6 

Mo  Ka  -  graphite 
monochromator 

0  -  45° 

1598 

1241 

2.0 

0.23 
0.039 


Required  by  symmetry  of  space  group. 
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Table  4 

Crystal  Data  for  [(Th[PHENSC])20(N03)2(H20)2](N03)4-H20 


Formula 


Molecular  Weight 
Space  Group 

o 

a,  A 

b,  A 

o 

c,  A 
a,  deg 
6,  deg 
Y>  deg 

°3 

Volume,  A 
Z 

D^.  g  cm-3 
-3 

D^,  g  cm 
c  ^ 

Crystal  Size,  mm 
y,  cm  ^ 

Radiation  Used 
26  Range 

No.  of  Measured  Reflections 
No.  of  Reliable  Reflections 
K  [in  I  <  Ka(I)] 
Goodness  of  Fit 
R 


1606.83 
P2^/c 
14.423(3) 
25.833(10) 
13.140(3) 
90* 
93.52(2) 
90* 
4887(2) 
4 

2.190 
2.146 
0.20  X  0.16  X  0.06 
64.0 

Mo  Ka  -  Graphite 
Monochromator 

0  -  45° 
5151 
3489 

2.0 

1.9 
0.086 


Required  by  symmetry  of  space  group. 


CHAPTER  III 

PREPARATION  AND  CRYSTAL  STRUCTURE  OF 
HEXAUREAMANGANESE( 1 1 1 )PERCHLORATE 

Manganese(III)  complexes  have  not  been  well  characterized  compared 

to  many  of  the  other  tripositive,  first-row  transition  elements.  The 

factors  responsible  for  the  lack  of  data  on  manganese(III )  complexes 

include  its  strength  as  an  oxidizing  agent,  the  tendency  for  photolytic 
90 

instability  in  many  cases,  and  the  propensity  for  the  commercially 
available  fluoride  and  acetate  to  form  mixed-ligand  complexes.  How- 
ever, a  carefully-documented  and  reasoned  interpretation  of  the  visible 

spectral  data  for  a  number  of  manganese(III)  complexes  has  been  pre- 
37 

sented.       The  authors  noted  that  the  presence  of  two  prominent  bands 
lying  between  5  kK  and  25  kK--and  sometimes  a  third  which  may  lie  within 
the  envelope  of  the  higher  energy  absorption,  sometimes  appearing  as  a 

shoulder  upon  it--are  most  easily  rationalized  as  arising  from  the 

5  5  5  5 

transitions    B^^  ^   A^^  and  the    B^^      62^,  respectively;  the  shoulder 

5  5 

they  assigned  to  the    B^^      E^  transition.    These  term  levels  arise 
from  a  splitting  of  the  octahedral  terms  by  a  Jahn-Teller  distortion. 

The  splitting  of  the  ground  octahedral  term  (^E^)  is  greater  than  that 

5  37 
of  the  excited  term  (  l2g)- 

On  the  basis  of  solution,  diffuse  reflectance,  and  mull  spectra 

data,  the  hexaureamanganese(III)  complex  seems  to  be  typically  dis- 
48 

torted.       However,  the  structures  of  the  anhydrous  hexakisurea 
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complexes  of  titanium(III) ,  vanadium(III) ,  and  aluminum! II I) 
have  been  reported  to  be  essentially  identical  (R3c).  This  structure 
requiring  a  symmetrical  molecule,  i.e.,  equivalence  of  M-0  distances, 
would  be  compatible  with  a  Jahn-Teller  distorted  complex.  These  con- 
siderations and  the  absence  of  reported  structure  data  for  the  hexa- 
ureamanganese(III)  complex  have  prompted  the  preparation  and  study  of 
this  interesting  ion. 

A.    Experimental  Section 
Preparation  of  Hexaureamanganese(III)Perchlorate 

Powdered  manganese  (10.0  g,  0.182  mol )  was  added  to  400  ml  of  re- 
fluxing  glacial  acetic  acid.    The  manganese  slowly  dissolved  in  the 
stirred  solution  over  about  4  h.    To  the  hot,  stirred  suspension  of 
manganese(II)  acetate  was  added  KMnO^  (6.5  g,  0.041  mol).    After  25 
min,  perchloric  acid  (250  ml  of  60%  acid)  saturated  with  urea  was  added 
to  the  warm,  dark  red  solution.    A  dark  purple  microcrystal line  solid 
formed  immediately  and  was  separated  by  filtration,  washed  with  50% 
(V/V)  absolute  ethanol-dry  ether,  and  placed  in  a  dessicator  over  CaCl^. 
The  yield  was  80%  based  upon  the  KMnO^  used.    Anal.  Calcd.  for  MnC^N^^ 
^24^^3°18*    ^'  ^'  ^•2^'  ^'  23.55.    Found:    C,  9.67;  H,  3.66; 

N,  22.66. 

Single  crystals  were  grown  from  a  hot  solution  of  60%  perchloric 
acid  nearly  saturated  with  urea  at  room  temperature.    The  complex  is  in- 
soluble in  this  solution  at  room  temperature,  but  a  small  quantity  dis- 
solves at  75-80°C.    Slow  cooling  of  the  solution  in  a  dewar  over  a 
period  of  24  h  gave  suitable  single  crystals.    The  crystalline  complex 
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decomposes  in  a  few  days  in  room  air  or  in  the  X-ray  beam.    This  decom- 
position is  presumably  caused  by  water  vapor  since  the  complex  decom- 
poses quickly  in  water. 
Magnetic  Measurements 

The  Gouy  method  was  used  to  measure  the  magnetic  susceptibility 
of  the  complex.    The  magnetic  susceptibility  is  5.02  B.M.  corresponding 
to  a  high-spin  d^  ion  (spin  only  value  4.90  B.M.).    The  Hg[Co{NCS)^] 
complex  was  used  as  a  standard. 
Data  Collection  and  Reduction 

Preliminary  photographs  indicated  that  the  space  group  was  either 

R3c  or  R3c.    The  complex  appeared  to  be  isomorphous  with  the  correspond- 

92 

ing  Ti{III)  derivative.       The  unit  cell  dimensions  reported  in  Table  1 
and  the  intensity  data  were  measured  using  a  Syntex  PI  diffractometer. 
The  pertinent  crystal  data,  together  with  some  details  of  the  intensity 
measurements, are  given  in  Table  1.    The  6-29  scan  technique  with  a  scan 
rate   of  12°/min  was  used  in  measuring  the  intensity.    The  rather  fast 
scan  was  used  because  crystal  decomposition  had  occurred  on  a  previous 
crystal.    Four  standard  reflections  were  measured  after  every  96  re- 
flections and  were  used  to  correct  for  a  6%  decrease  in  their  intensi- 
ties during  the  course  of  the  data  collection.    Absorption  corrections 
were  not  made  because  of  the  small  value  of  y  and  the  size  of  the  crys- 
tal . 

Structure  Determination  and  Refinement 

The  final  positional  parameters  from  the  isomorphous  titanium  com- 
plex were  used  as  starting  values  for  an  isotropic  refinement.  After 

three  cycles  the  R  value  (R  =  EllF      |-|F    ,  ||/2|F  .    1)  was  0.098. 

\         I  I  q[35  I  I  calc '  '     '  obs ' 
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Anisotropic  thermal  refinement  gave  an  R  of  0.068  after  three  cycles. 
A  difference  Fourier  synthesis  gave  reasonable  positions  for  the  four 
hydrogen  atoms.    The  contribution  of  the  hydrogen  atoms  was  included 
in  subsequent  least-squares  cycles,  but  the  positional  and  thermal 
parameters  were  not  varied.    After  three  cycles,  the  final  R  was  0.055 
and  the  shifts  were  much  less  than  the  estimated  standard  deviations 
so  that  the  refinement  was  terminated.    The  weighting  scheme  was  w  = 
1.5/a(F)^  where  a(F)^  =  [a(I)  +  0.04  a(I)][LP  corrections].    The  LP 
correction  was  calculated  assuming  a  50%  perfect  and  50%  mosaic  graph- 
ite monochromator.    The  scattering  factors  were  taken  from  the  usual 
sources. The  final  positional  parameters  and  thermal  parameters  for 
the  nonhydrogen  atoms  are  given  in  Tables  5  and  6;  the  bond  distances 
and  angles  are  given  in  Tables  7  and  8;  and  the  hydrogen  atom  para- 
meters and  distances  are  given  in  Table  9. 

B.    Results  and  Discussion 

Hexaureamanganese(III)perchlorate  is  isomorphous  with  the  corre- 

qp  95 
spending  titanium(III)     and  aluminum(III)     salts.    The  crystal  con- 
sists of  the  MnCurea)^"^"*"  cation  (site  symmetry  I)  illustrated  in  Figures  9 

b 

and  10  and  the  CIO4' anions  (site  symmetry  2)  shov/n  in  Figure  11  and  joined  by 
weak  hydrogen  bonds  (see  Table  10).    The  large  deviations  of  the  N-H--- 
0  angles  from  180°  and  the  long  H---0  and  N---0  distances  are  charac- 
teristic of  weak  hydrogen  bonds. 

The  most  remarkable  feature  of  the  structure  is  the  3  symmetry  of 
the  cation  which  requires  all  six  Mn-0  bonds  to  be  equivalent,  an 
apparent  violation  of  the  Jahn-Teller  theorem.    To  our  knowledge,  there 
is  no  other  reported  structural  data  on  a  high-spin  Mn(III)  complex 


40 


with  six  identical  monodentate  ligands,  although  a  number  of  trisbi- 

o 

dentate  complexes  are  known.    The  Mn-0  distance  of  1.986(7)  A  found 

in  the  hexaurea  complexes  is  comparable  to  the  average  Mn-0  distances 

°41 

observed  in  tris(2,4-pentanedionato)manganese(III)  [1.981(32)  A  in 

the  B  form  and  1.993(91)  A  in  the  y  form],     and  in  tris(tropolonato) 

manganese(III)  of  2.004(97)  and  1.995(49)  A.^""    However,  there  is  some 

question  as  to  the  validity  of  averaging  Mn-0  distances  in  distorted 

°  41 

molecules  where  the  range  can  be  from  1.931  to  2.020  A.  Certainly 
the  Mn-0  distance  observed  in  this  study  is  not  unreasonable  relative 
to  other  Mn-0  bond  lengths.    The  important  question  is  why  are  the  Mn-0 
bonds  equivalent  in  an  apparent  violation  of  the  Jahn-Teller  theorem? 

Before  we  discuss  the  Mn-0  bond  length  in  more  detail,  let  us 
focus  on  the  urea  molecule  to  see  if  there  are  any  unusual  features  in 
the  ligand.    There  are  a  large  number  of  urea-metal  ion  complexes  re- 
ported, but  we  will  consider  only  the  isomorphous  Ti(III)  and  Al(III) 

Oj.  QI  Oj. 

complexes,  the  Ti(urea)g  •31"'^  and  the  Cr(urea)g-'  -301  •3H2O  struc- 
tures^^ which  all  crystallize  in  a  hexagonal  space  group.    In  these 
four  structures,  the  average  distances  in  the  coordinated  urea  mole- 
cule are  C-0  of  1.283(16)  A,  C-N  of  1.325(27)  A  and  1.316(18)  A.  The 
free  urea  molecule  in  the  solid  state^'^  has  dimensions  of  C-0  1.270(7) 

o 

and  C-N  1.326(6)  A,  which  are  not  significantly  different  from  those 
in  the  coordinated  molecule.    The  dimensions  in  our  manganese  complex 
are  C-0  1.283(15),  C-N  1.320(16),  and  C-N  1.305(14)  A  (see  Figure  12), 
which  are  indistinguishable  from  the  average  values  in  the  four  com- 
plexes or  in  the  free  urea.    Therefore,  we  conclude  that  the  urea 
molecule  has  no  unusual  features  which  could  account  for  the  six  equiv- 
alent Mn-0  bonds. 
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The  most  reasonable  explanation  for  the  equivalence  of  the  Mn-0 

bond  lengths  is  in  terms  of  the  "dynamic"  Jahn-Teller  effect.  The 

differences  in  the  mean-square-displacements  given  in  Table  11  for 

3+ 

the  three  isomorphous  M(urea)g     complexes  are  in  agreement  with  the 
"dynamic"  Jahn-Teller  effect.    The  mean-square-displacements  for  the 
metal  ions  are  very  similar  in  magnitude  and  orientation  relative  to 
the  M-0  bond.    If  there  were  major  errors  in  the  intensity  data,  we 
might  have  expected  greater  discrepancies  in  the  thermal  parameters 
and  the  mean-square-displacements.    In  contrast,  only  the  mean-square 
displacements  for  the  oxygen  atom  in  the  Mn  complex  are  much  larger 
in  the  direction  of  the  bond.    These  differences  in  the  mean-square- 
displacements  are  in  agreement  with  the  predictions  for  a  dynamic 
Jahn-Teller  distorted  molecule. 

An  extensive  analysis  of  the  dynamic  Jahn-Teller  in  Cu(II)  com- 
plexes has  been  reported, and  we  will  use  the  same  notation.  Since 
there  are  no  examples  of  a  statically  distorted  hexaureamanganese- 
(III)  cation,  we  can  only  compare  our  results  with  various  tris- 
ligand-manganese(III)  complexes.    The  average  Mn-0  bond  distances 
in  the  five  tris-ligand  molecules  are  essentially  identical  (vide 
supra),  in  spite  of  a  large  spread  in  the  individual  values.  However 
the  Jahn-Teller  radii,  Rj-j-,  calculated  from  the  observed  Mn-0  dis- 

o 

tances  vary  markedly.    The  values  of  Rjj  are  0.203  A  for  the  y-tris- 

o  o 

acac,  0.072  A  for  the  B-tris-acac,  0.171  A  in  the  tris-oxalato,  and 

o 

0.217  and  0.110  A  for  the  two  crystallographically  independent  tris- 

98 

tropolonato  complexes.       In  comparison,  the  values  of  Rj-j.  for  twelve 

°  11 

different  Cu(II)  complexes  range  from  0.252  to  0.355  A. 
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The  value  of  Rj-j-  for  the  hexaureanianganese(III)  cation  can  be 
estimated  from  the  difference  in  the  mean-square-displacement  between 

o 

the  Mn(III)  and  Ti(III)  and  Al(III)  complexes.    A  value  of  0.306  A 
was  calculated  from  AU(Mn-0)-AU(Ti-0) .    In  the  Al(III)  complex,  U(0)- 
U(A1)  was  negative  which  was  somewhat  surprising.    However,  using  the 
absolute  value  of  U(0)-U(A1),  Rj^  for  Mn(III)  is  0.355  A.    These  two 
values  are  in  reasonable  agreement  with  each  other  and  with  the  Cu(II) 
values  but  not  with  the  values  calculated  from  the  observed  bond  dis- 
tances in  the  tris-complexes.    Whether  the  large  variation  in  Rjj  for 

Mn(III)  complexes  versus  Cu(II)  complexes  is  a  consequence  of  a  d^ 

g 

system  compared  to  a  d    case  or  reflects  the  more  reactive  nature  of 
tris-Mn(III)  complexes  compared  to  Cu(II)  can  only  be  decided  as  addi- 
tional data  become  available. 

Additional  support  for  a  dynamic  Jahn-Teller  distortion  is  also 
found  in  the  electronic  spectral  properties  of  the  hexaurea  complex. 
The  room-temperature  visible  absorption  spectra  of  this  complex  (both 
the  mull  and  the  diffuse  reflectance  spectra)  contain  two  very  broad 
absorption  envelopes  centered  at  8.70  kK  and  19.10  kK,  respectively. 
But  in  the  mull  spectrum  taken  near  liquid  nitrogen  temperature,  the 
19.10  kK  absorption  was  resolved  into  two  broad,  overlapping  bands, 

AQ 

one  maximum  lying  at  16.70  kK  and  the  other  at  20.00  kK.       The  lowest 

5  5 

energy  absorption  was  assigned  as    B^^  ->■   A^^  (the  components  of  the 

5  ^ 
split  octahedral         ground  term),  the  16.70  kK  absorption  as  B^^ 

5 

Eg.    These  assignments,  in  accord  with  those  made  by  Davis 
37 

et  al.,     assume  a  tetragonal ly  elongated  manganese( III )  complex 


43 


during  the  time  of  the  electronic  transition  (see  Figure  13).  The 

ordering  of  term  energies  implicit  in  these  assignments  leads  to  a 

Dq  value  of  1.67  kK,  a  Ds  value  of  1.71  kK,  and  a  Dt  value  of  0.372 

kK.'^^    These  parameters  are  of  similar  value  to  those  obtained  for 

37 

manganese( III)  complexes  shown  to  be  statically  distorted.  Fur- 
thermore, no  other  assignment  of  absorptions  or  ordering  of  terms 
proposed  to  account  for  the  spectral  properties  of  manganese( III) 

complexes  leads  to  such  close  agreement  of  the  Dq  values  reported 

99  100 

for  the  isomorphous  hexaurea  complexes  of  Ti(III),     V(III),  and 
Cr(III)^°^  (1.67-1.70  kK).    Taking  the  stabilization  of  the  tetra- 
gonal structure  over  that  of  the  reference,  undistorted  octahedral 
structure  to  be  Dt  -  ZDs,  the  apparent  Jahn-Teller  stabilization 

(Ejj)  is  -3.05  kK,  similar  to  those  values  reported  for  both  mangan- 

37  11 
ese(III)     and  for  copper(II)  complexes. 

An  alternative  means  of  estimating  the  stabilization  energy  of 
the  distorted  complex  has  been  suggested  provided  Ejj»hv>kT  (where 
V  is  the  frequency  of  the  Mn-0  vibrational  mode  of  e^  symmetry) 
namely,  4Ej-|-  =  E(^B^g  ->  ^A^^)  or  £jj  =  2.20  kK.    This  estimated 
stabilization  energy  is  similar  to  that  calculated  by  the  application 
of  simple  perturbation  treatment;  but  the  extension  of  the  treatment 
leads  to  unacceptable  values  of  the  crystal  field  splitting  parameter. 

We  conclude  that  [Mn(urea)g](C10^)2  is  the  first  example  of  a 

dynamic  Jahn-Teller  effect  in  a  high-spin  Mn(III)  complex.  The 
3+ 

Mn(urea)g     cation  is  required  by  the  space  group  symmetry  to  have 
six  equivalent  Mn-0  bonds.    However,  the  mean-square-displacement  of 
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the  oxygen  atom  is  much  larger  in  the  direction  of  the  Mn-0  bond  com- 
pared to  the  isomorphous  Ti(III)  and  Al(III)  hexaurea  complexes,  and 
the  visible  absorption  spectrum  can  be  interpreted  in  terms  of  a 
tetragonally  distorted  cation.    The  above  three  observations  are 
typical  of  dynamically  distorted  Cu(II)  complexes  and  by  extrapola- 
tion, high-spin  Mn(III)  complexes. 
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Figure  11.    An  ORTEP  view  of  perchlorate  ion  in  [Mn(urea)g](C10^)2 

showing  the  atomic  numbering  and  the  thermal  ellipsoids 
(50%  probability  level).  Oxygen  0(3)  and  0(4)  are  dis- 
ordered and  are  only  half-atoms. 
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Table  5 


Final  Positional  Parameters  (x  10^)  for  Mn[0C(NH2)2]5(C104)3 


X 

y 

z 

Mn 

0* 

CI 

3685(2) 

ocnn* 

0(1) 

1040(4) 

569(4) 

1698(5) 

0(2) 

3568(6) 

585(5) 

3004(7) 

0(3) 

4163(11) 

612(10) 

1567(14) 

0(4) 

4466(14) 

216(25) 

2276(29) 

N(l) 

2334(5) 

923(6) 

1159(9) 

N(2) 

1325(6) 

-473(6) 

1287(8) 

C 

1549(7) 

329(7) 

1374(8) 

*  Position  required  by  the  space  group  symmetry. 
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Table  6 

Final  Thermal  Parameters  (x  10*)  for  Mn[0C(NH2)2]5(C104)3 
The  Form  of  the  Thermal  Parameter  is 
exp[-2TT^(U^^h^a*^+U22k^b*^+U33l^c*^+2U^2^kaV 

+2U, ,hl a*c*+2U,okl b*c*) ] 


11 

22 

33 

12 

13 

do 

Mn 

19(1) 

19+ 

42(2) 

19+ 

0* 

0* 

CI 

37(2) 

52(2) 

1  O  T  /  /I  \ 

127(4) 

be 

-ob 

-/i{0) 

0(1) 

33(3) 

33(3) 

84(5) 

39(6) 

7(6) 

-14(7) 

0(2) 

75(5) 

57(4) 

116(8) 

82(8) 

-22(11) 

-24(9) 

0(3) 

64(8) 

65(8) 

104(14) 

12(14) 

79(19) 

58(18) 

0(4) 

47(10) 

94(34) 

147(45) 

40(26) 

15(25) 

-55(47) 

N(l) 

42(4) 

57(5) 

105(8) 

54(8) 

26(10) 

22(10) 

N(2) 

47(5) 

40(4) 

125(9) 

41(8) 

44(11) 

-52(10) 

C 

40(6) 

41(6) 

61(7) 

40(10) 

-5(11) 

-13(11) 

Value  equal  to  U^^  by  symmetry. 

* 

Required  to  be  zero  by  symmetry. 
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Table  7 

Bond  Distances  (in  A)  for  Mn[0C(NH2)2]5(C10^)3  with 
Estimated  Standard  Deviations 

In  the  Cation 

Mn-O(l)  1.986(7) 

0(1)-C  1.283(15) 

C-N(l)  1.320(16) 

C-N(2)  1.305(14) 

In  the  Perchlorate  Ion 

Cl-0(2)  1.38(1) 

Cl-0(3)  1.66(2) 

Cl-0(4)  1.30(3) 
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Table  8 

Bond  Angles  (in  deg)  in  Mn[0C(NH2)2]5(C104)3 
In  the  Cation 


0(1] 

-Mn-0(1,2) 

91.0(3) 

0(1) 

-Mn-0(1,4) 

85.5(3) 

0(1] 

-Mn-0(1,5) 

174.9(3) 

0(1] 

-Mn-0(1,6) 

92.8(3) 

Mn-0(1)-C 

133.0(7) 

0(1] 

-C-N(l) 

118.0(11) 

0(1] 

-C-N(2) 

122.3(11) 

N(l] 

-C-N(2) 

119.7(11) 

H(l] 

-N(l)-C 

111 

H(2] 

-N(l)-C 

126 

H(l] 

-N(l)-H(2) 

117 

H(3] 

-N(2)-C 

112 

H(4] 

-N(2)-C 

126 

H(3] 

-N(2)-H(4) 

120 

0(2 
0(2 
0(2 


In  the  Perchlorate  Ion 
-Cl-0(2')  114.7(6) 
-Cl-0(3')  94.7(8) 
-Cl-0(4)  117.1(17) 


0(2')-Cl-0(3')  96.9(8) 
0(2')-Cl-0(4)  123.6(17) 
0(3')-Cl-0(4)  99.6(18) 
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Table 

11 

M[0C(NH2)2]5 

(0104)3 

Mean  Square  Displacements 

(M  =  Mn,  Ti,  Al)* 

MSQl 

Angle 

MSQ2 

Angle 

MSQ3 

Angle 

Mn  0.155 

133.6 

0.155 

116.7 

0.204 

55.4 

01  0.209 

137.1 

0.179 

117.0 

0,294 

59.5 

Ti  0.146 

133.4 

0.146 

115.8 

0.153 

54.4 

01  0.156 

144.2 

0.194 

125.5 

0.240 

94.2 

Al  0.148 

134.1 

0.148 

116.0 

0.224 

55.4 

01  0.158 

155.4 

0.188 

104.8 

0.246 

70.9 

o 

*  MSQn  is  the  nth  mean  square  displacement  (A)  for  the  appropriate 
atom.    Angle  (degree)  is  the  angle  that  the  MSQn  makes  with  the 
M-0  bond. 


CHAPTER  IV 

ELECTRON  PARAMAGNETIC  RESONANCE  AND  DIFFERENTIAL 
SCANNING  CALORIMETRY  OF  THE  HEXAUREAMANGANESE(III)PERCHLORATE 


Thermal  analysis  can  be  defined  as  techniques  in  which  a  few 

physical  parameters  of  the  system  are  determined  as  a  function  of 

temperature.    Thermal  methods  of  analysis  are  based  on  the  fact  that 

thermal  energy  is  absorbed  or  evolved  during  a  physical  or  chemical 

102  103 

change  of  a  sample.      '        Differential  Scanning  Calorimetry  (DSC) 
is  the  only  technique  which  measures  these  changes  directly  in  energy 
units.    DSC  was  first  used  by  Watson    et  al .  to  explain  the  instru- 

104 

mental  technique  developed  by  the  Perkin-Elmer  Corporation  in  1963. 

The  theory  of  the  Perkin-Elmer  Calorimeter  has  been  presented  by 

O'Neill, -^^^  Gray,-^°^  and  Flynn.'^^''    Figure  14  shows  a  typical  DSC 
103 

curve.        An  increase  in  enthalpy  (or  endothermic  transformation) 

is  represented  by  a  peak  in  upward  direction;  an  exothermic  trans- 

103 

formation  is  represented  by  a  peak  in  the  opposite  direction. 

The  basic  differences  between  differential  thermal  analysis 

(DTA)  and  DSC  lie    in  the  design  of  the  heating  system  and  the  mode 

108 

of  operation  of  the  instrument. 

The  DSC  technique  can  determine,  directly,  the  total  heat  trans- 
ferred to/from  the  sample  and  the  rate  of  a  reaction,  as  a  function 
of  time  or  of  temperature.    DSC  can  be  used  for  the  measurement  of 


59 


60 


specific  heat,  temperature  and  heat  of  fusion,  phase  transitions,  de- 
hydrations, decompositions;  identification  and  analysis  of  solid  state 
reactions  and  transformations;  stability,  decomposition  thermodynamics 
and  kinetics  of  metal  complexes;  temperature  and  heat  of  crystalliza- 
tion.   Heats  of  transition  and  specific  heats  can  be  determined  with 

108 

a  precision  of  about  ±  2%. 

The  area  of  the  DSC  curve  peak  is  directly  proportional  to  the 
enthalpy  change,  area  =  KAHm,  where  AH  is  the  heat  of  transition  (or 

reaction),  K  is  the  calibration  coefficient,  and  m  is  the  mass  of 

,103 
reactive  sample. 

Electron  Paramagnetic  Resonance  (EPR),  Electron  Spin  Resonance 
(ESR),  or  Electron  Magnetic  Resonance  is  a  powerful  tool  that  can  give  a 
wealth  of  information  about  the  electronic,  magnetic,  and  the  struc- 
ture or  environment  of  a  paramagnetic  species.    EPR  is  a  branch  of 
absorption  spectroscopy.    When  a  paramagnetic  specimen  is  placed  in  a 
permanent  magnetic  field  and  subjected  to  radiation  of  microwave  fre- 
quency, microwave  power  is  absorbed  by  the  specimen  at  a  particular 
frequency.    As  a  general  rule,  to  minimize  interference  between  neigh- 
boring paramagnetic  units,  dilute  solutions,  solid  or  liquid,  are 

studied.    It  is  also  better  to  work  at  low  temperature,  where  line- 

109-114 

broadening  effects  are  reduced. 

A.    Experimental  Section 
Preparation  of  Hexaureaaluminum  Perchlorate 

Hydrated  aluminum  chloride,  AlCl^'SH^O,  (8.0  g,  0.033  mol )  was 
dissolved  in  the  minimum  amount  of  water  (total  solution  volume,  20  ml), 


61 


To  this  solution,  perchloric  acid  (140  ml  of  60%  acid)  saturated  with 
urea  was  added.    A  white  microcrystalline  solid  formed  immediately 
and  was  separated  by  filtration,  washed  with  50%  (V/V)  absolute 
ethanol-dry  ether  and  placed  in  a  dessicator  over  CaCl2-    The  yield 
was  92%  based  upon  the  A1C13-6H20  used.    Anal.  Calcd.  for  AlCgN^2^24 
0130^3:    C,  10.51;  H,  3.53;  N,  24.51.    Found:    C,  10.60;  H,  3.40;  N, 
24.60. 

Single  crystals  of  [Al (urea)g](C104)2  doped  with  manganese(III) 
were  grown  from  a  hot  solution  of  60%  perchloric  acid  nearly  saturated 
with  urea  at  room  temperature.    The  urea  complexes  are  nearly  in- 
soluble in  this  solution  at  room  temperature;  however,  a  significant 
amount  dissolves  at  75-80°C.    Slow  cooling  of  the  solution  in  a  dewar 
over  a  period  of  24  hours  gave  single  crystals.    Some  difficulties 
were  experienced  in  growing  large  single  crystals  (s2x2xl  mm).  How- 
ever, suitable  crystals  were  obtained  by  selective  and  repetitive 
seeding.    A  weighed  amount  of  the  sample  was  placed  in  the  DSC-2C 
(Perkin-Elmer)  and  equilibrated  at  -70°C  for  several  hours  --in  one 
case,  overnight. 

EPR  spectra  were  obtained  both  at  room  temperature  and  at  liquid 
nitrogen  temperature  on  microcrystalline  of  [Mn(urea)g](C10^)2  and 
manganese(III)-doped  [Al (urea)g](C10^)2,  on  glasses  of  [Mn(urea)g] 
(010^)3  in  C2Hg0H  (absolute)  and  in  perchloric  acid  (60%)  saturated 
with  urea.  All  EPR  spectra  were  recorded  by  means  of  a  Varian  E-3 
spectrometer  at  a  microwave  power  of  8.0  mW,  a  microwave  frequency 
of  9.10±0.01  GHz,  and  a  modulation  amplitude  of  1  to  5  G. 
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B.    Results  and  Discussion 

Microcrystall ine  [Mn(urea)g](C10^)2  was  studied  by  differential 

scanning  calorimetry  in  an  attempt  to  identify  a  temperature  at  which 

the  complex  would  cease  to  pseudorotate  and,  instead,  assume  a  static 

Jahn-Tel ler-distorted  geometry.    The  DSC  curve  taken  from  -60°C  to 

20°C  is  simply  a  straight  line,  i.e.,  no  transition  occurs  within 

this  temperature  range.    However,  the  curve  from  -10°C  to  50°C 

(Figure  15)  shows  an  endothermic  transition  occurring  between  16.86°C 

to  43.77°C.    The  area  of  the  peak  corresponds  to  1.31  kJ/mole.    It  is 

likely  that  the  observed  endothermic  transition  corresponds  to  the 

second-order  phase  transition  observed  for  [Cr(urea)g](C10^)2  near 
115 

room  temperature. 

5  5 

An  octahedral  perturbation  of  the  free  ion    D  term  gives  a  E 

ground  term.    This  term  should  be  further  split  by  a  Jahn-Tel ler 

5  116 
effect  manifested  as  an  axial  elongation  to  give  a    B^^  ground  term. 

5 

From  the    Bj^^,  via  zero-field  splitting,  there  are  obtained  the  M^,  = 

0  ground  term  with  the  excited  M^,  =  ±1  and  ±2  term  lying  above  it  by 

an  energy  D  and  3D,  respectively.    There  are  then  four  AM^ ,  =  ±1  EPR 

transitions  allowed  between  these  levels  if  D  is  not  large.    If  D  is 

very  small  or  zero,  the  four  transitions  will  be  degenerate;  or  if  D 

is  rather  large,  there  may  be  only  one  transition.    If  D  is  large,  no 

transitions  may  be  seen  by  an  X-band  spectrometer.    Because  the  only 

55 

isotope  of  manganese  is  Mn  having  a  nuclear  spin  of  5/2,  each  of  the 
spectral  lines  seen  should  be  split  into  six  (21+1)  components. '''^^"■'■■'■^ 

The  EPR  spectra  of  the  pure  microcrystal 1 ine  solid  [Mn(urea)g] 
(ClO^)^  at  room  temperature  and  at  50°C  contain  a  strong  and  very 
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broad  resonance  with  g  =  2.00,  a  value  which  is  expected  for  a  pseudo- 
rotated  d^  ion  complex.    The  resonance  has  the  expected  hyperfine 
splitting  for  I  =  5/2  with  A  s  91G.    That  A  increases  with  increasing 
field  (H)  is  characteristic  of  a  second-order  perturbation  effect. 
A  much  weaker  resonance  lying  downfield  from  the  principal  one  has 
superimposed  hyperfine  splitting  which  is  one-half  that  of  the  g  =  2 
resonance.    These  are  considered  to  be  forbidden  transition  arising 
from  spin-spin  interaction.    The  forbidden  resonances  are  more  pro- 
nounced at  the  higher  temperature  (Figure  16).    At  liquid  nitrogen 

temperature,  the  resonances  at  low  field  disappear.    Previous  work 

3+  3+ 
on  Mn     in  Al^O^  indicated  that  the  hyperfine  structure  for  Mn  could 

only  be  resolved  below  about  2.5K.^''"^ 

To  minimize  interference  between  neighboring  paramagnetic  units, 

dilute  solution  and  solids  were  also  studied.    The  EPR  spectra  of 
3+ 

Mn    -doped  [Al (urea)g] (ClO^)^  at  room  temperature  and  liquid  nitrogen 
temperature  are  given  in  Figures  17  and  18,  respectively.    The  room 
temperature  spectrum  contains  only  one  sharp  peak  at  g  =  1.98,  but  at 
liquid  nitrogen  temperature  this  peak  splits  into  at  least  two  reso- 
nances which  we  assign  as  g||  =1.99  and  g ,  =  1.95.    No  hyperfine 

3+ 

structure  is  observed  for  Mn    -doped  [Al (urea)g](C10^)2  either  at 

room  temperature  or  liquid  nitrogen  temperature.    These  spectra  were 

obtained  not  only  with  a  1000-gauss  sweep,  but  with  a  5000-gauss  sweep 

as  well  to  ensure  that  no  resonance  had  been  missed.    The  several  weak 

resonances  lying  downfield  from  the  g  =  2  resonance  were  shown  to  be 

3+ 

impurities  by  dilution  of  the  Mn    -doped  samples.    Indeed,  these  reso- 
nances attributed  to  sample  impurities  are  observed  for  the  Mn-free 
[Al(urea)g](C104)3. 
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In  an  attempt  to  support  the  assignment  of  the  resonances  ob- 

3+ 

served  at  g,,  =  1.99  and  at  g,  =  1.95  to  Mn     rather  than  to  attribute 

2+ 

it  to  small  amounts  of  Mn     impurity  from  some  decomposition  of  the 

Mn^"*",  the  EPR  spectrum  of  [Al  (urea)g](C10^)2  doped  with  Mn(C104)2- 

eH^O  was  run  at  liquid  nitrogen  temperature.    In  the  region  of  inter- 

2+ 

est,  the  two  spectra  (one  containing  only  Mn     and  the  other  thought 

3+ 

to  contain  only  Mn    )  were  indistinguishable.    There  is  no  doubt  that 

3+  3+ 
the  sample  doped  with  the  Mn     compound  contains  predominantly  Mn  . 

3+  3+ 

The  sample  has  a  pronounced  pink  color  even  when  the  Mn     to  Al 

ratio  is  15:1000.    A  sample  of  pure  Mn(C10^)2  is  scarcely  colored 

because  of  the  spin-forbiddenness  of  the  optical  transitions.  Also, 
3+ 

the  Mn    -containing  samples  give  the  familiar  evidence  of  dispropor- 
2+ 

tionation  to  Mn     and  Mn02  when  placed  in  water.    Should  the  EPR  spec- 

2+  2+ 

tra  be  those  of  Mn    ,  the  Mn     impurity  must  be  present  in  trace  amount. 

The  EPR  spectrum  of  [Mn(urea)g](C10^)2  in  absolute  ethanol  glass 
at  liquid  nitrogen  temperature  is  identical  with  that  obtained  in  urea- 
saturated  HCIO^  (60%)  (in  which  it  is  improbable  that  reduction  of  Mn"^"*" 
will  take  place).    These  spectra  contain  six  prominent  lines  with  for- 
bidden transition  lying  midway  between  them  (Figure  19)  (g  =  2.00  and 

As92),  essentially  identical  to  that  reported  for  Mn    .    Again,  either 

2+  3+ 
the  resonance  is  attributable  to  Mn     impurity  with  absolutely  no  Mn 

3+ 

resonance  or  it  is  of  Mn     which  happens  to  be  the  same  as  that  for  the 

2+  3+ 
Mn      because  of  the  isotropic  nature  of  the  Mn     caused  by  pseudorota- 

tion,  a  most  disconserting  situation,  indeed.  It  is  surprising  that 

pseudorotation  should  be  operative  at  liquid  nitrogen  temperatures  in 

the  light  of  other  published  data  for  Jahn-Teller  prone  systems  investi- 
gated at  these  temperatures. 
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Should  the  EPR  spectra  obtained  be  entirely  from  the  Mn  impu- 
rity, one  could  suggest  two  possible  explanations  for  the  absence  of 
3+ 

Mn     resonance(s) .    Either  there  is  distortion  leading  to  such  a 
large  zero-field  splitting  that  no  resonance  is  seen,  or  the  spin- 
lattice  relaxation       is  unsuitable  for  the  obtaining  of  EPR  spectra. 
These  questions  must  remain  to  be  answered  by  a  more  exhaustive  in- 
vestigation. 
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Figure  18.    EPR  spectra  of  manganese(III)-doped  [Al (urea)g](C10^)2 
at  liquid  nitrogen  temperature  (a)  ±  2500  and  (b)  ±  500 
scan  range. 
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CHAPTER  V 

THE  CRYSTAL  STRUCTURE  OF  DIAQUA[2 ,9-DIFORMYL-l ,10-PHENANTHROLINE 
BIS(SEMICARBAZONE)]  COBALT(II)  NITRATE,  [Co(PHENSC) (H20)2] (N03)2 

The  most  extensively  studied  hexadentate  chelating  agent  is 
probably  ethyl enedi ami netetraacetic  acid  (EDTA  or  H^Y).    Hoard  and  co- 
workers have  determined  the  geometry  of  seven  coordinate  aqua  com- 
plexes of  the  type  [M(EDTA)(H20)]""  with  M  =  Fe(III),  Mg(II), 
Mn(II) .^'^"^^    They  have  noted  that  two  kinds  of  geometries  can  be 
obtained,  viz.,  pentagonal -bi pyramid  and  capped  trigonal  prism. 
Trans  1 ,2-diaminocyclohexane-N ,N ' -tetraacetic  acid  (DCTA)  also  func- 
tions as  a  hexadentate  ligand  in  Ca[Fe(H20) (DCTA)]2-2H20.  The 

56 

[Fe(H20) (DCTA)]    is  a  seven-coordinate  aqua  complex. 

The  ligand  2 ,6-diacetyl pyridine  bis(semicarbazone) ,  DAPSC,  was 

postulated  to  be  ideally  suited  to  form  pentagonal -bi pyramidal  com- 

118-122 

plexes  with  a  variety  of  different  metal  ions.  Indeed,  the 

complexes  [M(DAPSC)(H20)(C1 )]C1 •2H2O,  where  M  =  Mn(II),  Fe(II),  Co(II), 

and  Zn(II),  were  found  to  be  isomorphous,  each  cation  assuming  a 

118 

pentagonal -bi pyramidal  shape.        In  addition,  [Cu(DAPSC) (H20)2] 
(N03)2-H20,-^^^  [Ni(DAPSC)(H20)2](N03)2-H20,-^^^  [Cr(DAPSC) (H20)2] 
(NO3)2(OH)-H20,^^°  [Fe(DAPSC)Cl2]Cl  .2H20,-^^°  [Sc(DAPSC)(H20)2](N03)2 
(OH),^^^  and  [Mn(DAPSC) (H20)2](N03)2^^^  are  best  described  as  penta- 
gonal -bi  pyramidal  complexes.    A  few  other  planar,  pentadentate  ligands 
such  as  2,6-diacetylpyridine  bis(2'-pyridylhydrazone  (H2DAPP); 


74 


75 


2, 6-di acetyl  pyridine  bis(benzoic  acid  hydrazone)  (DAPBH);  and  2,6- 
di acetyl  pyridine  bis(salicylic  acid  hydrazone)  (DAPSAH)  also  have 
been  prepared  and  found  to  yield  the  pentagonal -bi pyramidal  com- 
plexes [M(H2DAPP)(H20)2]Cl2^^^  [M  =  Co(II),  Zn(II)];  [Co(DAPBH)(H20) 
(N03)](N03),^^^  [Ni(DAPBH)(H20)2](N03)2'2H20;^^^  and  [Co(DAPSAH) (H20)2] 
(N03)2-H20.-^^^ 

A  pentagonal -bi pyramidal  complex  of  Co(II),  [Co(BIPYSC) (H20)2] 
126 

(N03)2,      was  synthesized  using  the  BIPYSC,  a  hexadentate  ligand 
6,6'-diformyl-2,2'-bipyridine  bis(semicarbazone)  related  to  DAPSC  and 
characterized  by  a  single-crystal  X-ray  investigation.    Another  hexa- 
dentate ligand,  2,9-diformyl-l,10-phenanthroline  bis(semicarbazone) , 
PHENSC,  was  used  to  prepare  [Co(PHENSC)(H20)2](N03)2,  which  was 
studied  by  X-ray  diffraction. 

A.    Experimental  Section 
Preparation  of  [Co(PHENSC) (H20)o](N03)2 

The  ligand  2,9-diformyl-l,10-phenanthroline  bis(semicarbazone) 
was  prepared  from  l,10-phenanthroline-2,9-dicarboxaldehyde  and  semi- 
carbazide  hydrochloride.    Equimolar  amounts  of  cobalt  nitrate  hexa- 
hydrate  and  2,9-diformyl-l,10-phenanthroline  bis(semicarbazone)  were 
heated  in  95%  ethanol  for  one-half  hour.    Addition  of  a  small  amount 
of  water  and  continued  heating  gave  a  clear  solution  within  one  hour. 
After  filtering,  orange  crystals  were  obtained  by  slow  evaporation  of 
the  solvent. 

Data  Collection  and  Reduction 

Preliminary  photographs  indicated  that  the  space  group  was  P2^/c. 
The  unit  cell  dimensions  are  reported  in  Table  2,  and  the  intensity 
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data  were  measured  using  a  Syntex  PT  diffractometer.    The  pertinent 
crystal  data,  together  with  some  details  of  the  intensity  measure- 
ments, are  given  in  Table  2.    The  9-29  scan  technique  with  a  variable 
scan  rate  of  1  to  24°/min  was  used  in  measuring  the  intensity.  Four 
standard  reflections  were  measured  every  96  reflections  to  monitor 
the  beam  and  crystal  stability.    Scale  factors  varying  from  0.988  to 
1.024  were  used  to  place  all  the  data  on  approximately  the  same  scale. 
Structure  Determination  and  Refinement 

The  position  of  the  cobalt  atom  was  determined  from  the  Patterson 
function  and  the  remaining  non-hydrogen  atoms  from  successive  Fourier 

syntheses.    The  R  value  (R  =  ^ M ''obs ' " '  ""calc ' '^^ '  ^bs  '  ^ 
the  start  of  the  least-squares  refinement.    After  three  cycles,  the 
R  value  was  0.093.    Anisotropic  thermal  refinement  gave  an  R  of  0.060 
after  three  cycles.    A  difference  Fourier  synthesis  gave  reasonable 
positions  for  all  the  eighteen  hydrogen  atoms.    Three  additional 
least  squares  cycles, in  which  the  H  atoms  were  included  in  the  struc- 
ture factors  calculation  but  were  not  refined,  reduced  R  to  0.047. 
Three  more  cycles, in  which  all  the  atoms  were  refined,  reduced  R  to 
the  final  value  of  0.044. 

88 

The  scattering  factors  were  taken  from  the  usual  sources.  The 
final  positional  parameters  and  thermal  parameters  for  the  non-hydro- 
gen atoms  are  given  in  Tables  12  and  13,  respectively.  The  bond  dis- 
tances and  angles  are  given  in  Tables  14  and  15,  respectively.  The 
hydrogen  atom  parameters  and  distances  are  given  in  Tables  16  and  17, 
respectively. 
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B.    Results  and  Discussion 

2+ 

The  crystal  consists  of  [Co(PHENSC) (1^20)2]     cation,  illustrated 
in  Figures  20  and  21.    The  cobalt  atom  is  in  the  center  of  a  penta- 
gonal bipyramidal  arrangement  consisting  of  five  of  the  six  donor 
atoms  of  the  planar  ligand  in  the  equatorial  plane  and  two  axial 
water  molecules.    The  NO^'  anions  are  joined  by  hydrogen  bonds  (see 
Table  18).    The  range  of  D-H — A  angles  and  the  variation  of  the  H — A 
and  D — A  distances  indicate  the  presence  of  both  strong  and  weak 
hydrogen  bonds.    The  [Co(PHENSC)(H20)2](N03)2  and  [Co(BIPYSC) (H20)2] 
(N02)2  ai^e  the  only  two  seven-coordinate  cobalt  complexes  with  hexa- 
dentate  ligands  which  have  been  characterized  by  X-ray  diffraction 
studies.    The  two  hexadentate  ligands  act  as  pentadentate  ligands  be- 
cause the  size  of  Co(II)  ion  is  too  small  to  form  bonds  to  all  six 
donors  in  the  equatorial  plane.    In  the  four  cobalt  complexes  with 
planar  pentadentate  ligands  (as  mentioned  above),  the  Co-N  bond  dis- 

o 

tances  range  from  2.171  to  2.268  A;  the  Co-0  bond  distances  range 
from  2.150  to  2.253  A.    In  [Co(BIPYSC) (H20)2] (N03)2 ,  the  average  Co-N 

o 

bond  distance  is  2.222  A,  and  the  Co-0  bond  distance  in  the  plane  is 
2.191  A.-^^^    We  found  in  [Co(PHENSC)(H20)2](N03)2  the  Co-0  bond  dis- 

o 

tance  in  the  plane  is  2.138  A,  and  the  average  Co-N  bond  length  is 

o 

2.220  A,  which  are  similar  to  the  values  in  the  other  seven-coordinate 
cobalt  complexes.    The  axial  Co-0  (to  H2O)  bond  distances  are  (2.146 
(4),  2.153(4)  A)  in  [Co(H2DAPP) (H20)2]^"^,  (2.060(9),  2.146(8)  A)  in 

1  07  o 

the  purpurato-Co(II)  complex, -"^^  (2.110(6),  2.125(6)  A)  in  [Co(DAPSAH) 
(H20)2]^'^  and  (2.131(6),  2.159(6)  A)  in  [Co(BIPYSC) (H20)2]^'^. -^^^  The 
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0-Co-O  angles  (axial)  are  176.1°,  168.8°,  174.2°,  and  176.2°,  respec- 
tively, and  only  the  purpurato-Co(II)  complex  shows  a  significant 
deviation  from  linearity.    The  axial  Co-0  (to  H^O)  bond  distances  of 

(2.113(4),  2.119(4)  A)  and  0-Co-O  angle  (axial)  of  176.2°  in  [Co 
2+ 

(PHENSC) (H20)2]  again  are  indistinguishable  from  other  seven-coordi- 
nate cobalt  complexes. 

The  least-squares  planes  data  are  given  in  Table  19.    The  devia- 
tions of  the  five  donor  atoms  from  the  pentagonal  plane  are  from 
-0.038  to  0.034  A  in  [Co(BIPYSC) (H20)2] (N03)2 from  -0.038  to 
0.047  A  in  [Co(PHENSC) (H20)2] (NO^)^ ,  from  -0.068  to  0.069  A  in  [Co 

IOC  o 

(DAPSAH)(H20)2](N03)2-H20,^'^  from  -0.100  to  0.111  A  in  [Co(DAPBH) 
(H20)(N03)](N03),-'^^  from  -0.116  to  0.115  A  in  [Co(DAPSC) (H20)C1  ]C1  • 

1  1  o  o 

2H20,-'^°  from  -0.140  to  0.160  A  in  [CoL(N03) (H20)2] •2H2O  (L  =  pur- 

127  ° 
purate),       and  from  -0.364  to  0.363  A  in  [Co(H2DAPP) (H20)2]C1 2. 

Therefore,  the  maximum  and  minimum  deviations  from  planarity  are 
found  in  [Co(H2DAPP)(H20)2]Cl2  and  [Co(BIPYSC)(H20)2](N03)2,  respec- 
tively; but  the  deviation  for  Co(PHENSC)(H20)2](N03)2  is  very  close 
to  that  found  for  [Co(BIPYSC) (H20)2](N03)2.    Dihedral  angles  for 
[Co(PHENSC)(H20)2]^'^  are  given  in  Table  20.    The  two  side  arms  are 
twisted  slightly  (side  (1),  3.7°  and  side  (2),  3.4°)  relative  to  the 
1,10-phenanthrol ine  ring. 
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Table  12 


Final  Positional  Parameters  (x  10     except  for  Co 
which  is  X  lO"^^)  for  [Co(PHENSC) (H20)2] (N03)2 


ATOM 

X 

Y 

Z 

CO 

-2  8691 (11) 

1  3009(8 ) 

3  7633 ( 3 ) 

0(11 

20 90  <  6  I 

-  1 098( 5) 

46  96(  2) 

0(2) 

—370 1(5) 

-630  ( 4  ) 

3924 (2 ) 

3  (  o  1 

— J90h( O ) 

1  9  28(  4) 

A  A  A  ^  r  o  \ 

444  7(2) 

□  (  4  1 

— 1 995 ( 5 ) 

643 ( 4 ) 

3059( 2  ) 

0(5) 

— 5366( 7 ) 

-259  (6 ) 

6  13(2) 

0(6) 

-7766( 8  ) 

- 225( 6 ) 

222(  2) 

0(7) 

-6697 ( 7 ) 

1 536( 5 ) 

492 (2) 

0(3) 

196( 6) 

31  44(  5) 

261 6( 2 ) 

0(9) 

-80  2 (6 ) 

4131(5) 

1953(  2) 

0  (  10) 

-21 83 ( 6) 

2578 (5 ) 

2274 (2 ) 

N(  1  ) 

—898 ( 6) 

270  4(  5) 

3838( 2 ) 

N(  2  ) 

—502(7) 

387 ( 5 ) 

41 87( 2  ) 

Ni  3) 

—51 6(7) 

-876 ( 5 ) 

4336 ( 2  } 

N  (*  ) 

274(  3  ) 

-2760( 5) 

47  10 (  2) 

N(5  ) 

-544 1(5) 

10  21(5) 

342 1(2) 

N(  O  J 

—  6089 (5) 

—  1 73 (5) 

^  A  /Ok 

34  73 ( 2  ) 

N(7) 

-5587(7) 

-221  I ( 5) 

3785( 3) 

N(  8) 

-65  96(7) 

323(6  ) 

442{2) 

N(9  ) 

-926( 6) 

3275(  5) 

2292(  2) 

N(10  ) 

-3782(6) 

3059 (5 ) 

3389(2 ) 

C(  2) 

543( 8) 

24S5(  6) 

4076(2 ) 

CO) 

179  I  (8  ) 

3413(6) 

4140(  2) 

C(  4) 

I  4 74 (  8) 

*643(7 ) 

3959  (3  ) 

C(  5) 

-566( 9) 

6 1 49(  7) 

3478(2) 

C(6) 

-2061 (9) 

6316(7) 

3239( 3  ) 

C(  7) 

-481  0(  9) 

5360(7) 

2946 (3  ) 

C(8) 

-5852( 8 ) 

4287{ 7) 

2936 (  2) 

C(9) 

-5297(8) 

3 140 ( 6  ) 

3162  (2  ) 

C(  1  1  ) 

-2774(  8) 

4081 ( 6) 

3402{ 2 ) 

C(  12) 

-3248(8) 

5288( 6  ) 

3187( 2) 

C(  13) 

-1 1 98(7) 

3900(6) 

3657(2) 

C(  14) 

-50( 3  ) 

491  2(  6) 

3700(  2) 

C(  15  ) 

757 (7) 

1 122( 6) 

4264(2 ) 

C(  16) 

703(  8) 

-I  558(6) 

4593(2) 

C(  17  ) 

-6233( 7) 

I93a( 6) 

3185(  2) 

C(18) 

-5030 (7) 

-1004(6) 

374C  (2 ) 
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Table  14 

Bond  Distances  (in  A)  in  [Co(PHENSC) (H20)2](N03)2 
With  Estimated  Standard  Deviations 


In  the  Cation: 


Co-0(3) 

2.113(4) 

Co-0(4) 

2  119(4) 

xx^Y^y 

Co-N(l) 

2.139(5) 

Co-N(lO) 

2  164(5) 

Co-Nf2) 

2  348f5) 

Co-N( 5) 

^  •  CC  1  \-J  ) 

Co-0(2) 

2  138(4) 

C(2)-Cf 15) 

1  460(9) 

C(9)-C(17) 

1  446(9) 

X  •  *t*tu  \  ^  y 

Cf 15)-Nf 2) 

1  268(8) 

r(17)-N(R) 

1  353(7) 

N('i)-N(fi) 

1  .  J*tU  \  /  / 

N(3)-Cfl6) 

1  356(9) 

N(fi)-r( 18) 

1  371 (8) 

Cf 16)-Nf 41 

1  320(9) 

r(ifi)-N(7) 

C(16)-0(l) 

1.225(8) 

C(18)-0(2) 

1.212(8) 

N(l)-C(2) 

1.314(8) 

N(10)-C(9) 

1.329(8) 

N(l)-C(13) 

1.333(7) 

N(10)-C(ll) 

1.323(8) 

1.404(9) 

c(q)-c(R) 

C(13)-C(14) 

1.388(8) 

C(ll)-C(12) 

1  406(9) 

1.368(9) 

C(8)-r(7) 

1 • OOl ^ lU  y 

C(4)-C(14) 

1.397(9) 

C(7)-C(12) 

1.377(10) 

C(5)-C(6) 

1.337(10) 

C(ll)-C(13) 

1.412(9) 

C(5)-C(14) 

1.449(9) 

C(6)-C(12) 

1.423(10) 

In  the  Nitrate  Ions: 

N(8)-0(5) 

1.219(8) 

N(9)-0(8) 

1.216(7) 

N(8)-0(6) 

1.216(8) 

N(9)-0(9) 

1.259(7) 

N(8)-0(7) 

1.254(8) 

N(9)-0(10) 

1.234(7) 
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Table  15 

Bond  Angles  (in  deg)  in  [Co(PHENSC) (H20)2] (N03)2 
With  Estimated  Standard  Deviations 


In  the  Cation 


0(2)-Co-0 

(3) 

88.6 

(2) 

0(2)-Co-0 

(4) 

89.8 

(2) 

0(2)-Co-N 

(2) 

77.8 

(2) 

0(2)-Co-N 

(5) 

70.7 

(2) 

0(3)-Co-0 

(4) 

176.2 

[2) 

0(3)-Co-N 

[1) 

92.0 

[2) 

0(3)-Co-N 

(2) 

93.4 

(2) 

0(3)-Co-N 

[5) 

89.4 

[2) 

0(3)-Co-N 

:io) 

89.7 

[2) 

0(4)-Co-N 

;i) 

91.2 

[2) 

0(4)-Co-N 

[2) 

89. 6( 

[2) 

0(4)-Co-N 

:5) 

86.8 

[2) 

0(4)-Co-N( 

:io) 

89. 3( 

[2) 

N(l)-Co-N( 

[2) 

69. 4( 

2) 

N(l)-Co-N( 

10) 

73. 4( 

2) 

N(5)-Co-N( 

10) 

68. 7( 

2) 

Co-0(2)-C( 

18) 

119. 4( 

4) 

Co-N(l)-C( 

2) 

122. 9( 

4) 

Co-N(l)-C( 

13) 

117. 8( 

4) 

Co-N(2)-N( 

3) 

120. 1( 

4) 

Co-N(2)-C( 

15) 

117. 2( 

4) 

Co-N(5)-N( 

6) 

115. 6( 

4) 
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Table  15  Continued 


Co-N(5)-C(17) 

122 

.0 

(4 

Co-N(10)-C(9) 

122 

.6 

(4 

Co-N(10)-C(ll) 

117 

.1 

(4 

C(2)-N(l)-C(13) 

119 

.2 

(5 

N(3)-N(2)-C(15) 

122 

.8 

(5 

N(2)-N(3)-C(16) 

128 

.5 

(5' 

N(6)-N(5)-C(17) 

122.4 

N(5)-N(6)-C(18) 

112 

.8 

(5; 

C(9)-N(10)-C(ll) 

120 

.4 

[5] 

N(l)-C(2)-C-{3) 

121 

.7 

[6] 

N(l)-C(2)-C(15) 

115 

.3 

[5] 

C(3)-C(2)-C(15) 

123 

.0 

[6] 

C(2)-C(3)-C(4) 

119 

.0 

[6] 

C(3)-C(4)-C(14) 

119 

.6 

[6] 

C(6)-C(5)-C(14) 

122 

3( 

[6] 

C(5)-C(6)-C(12) 

122 

0( 

6) 

C(8)-C(7)-C(12) 

120 

1( 

'6) 

C(7)-C(8)-C(9) 

119 

2( 

6) 

N(10)-C(9)-C(8) 

121. 

0( 

6) 

N(10)-C(9)-C(17) 

113. 

o( 

5) 

'^\oj  v^V-'y  ^K^'  J 

126. 

o( 

0  J 

N(10)-C(ll)-C(12) 

122. 

3( 

6) 

N(10)-C(ll)-C(13) 

116. 

1( 

5) 

C(12)-C(ll)-C(13) 

121. 

7( 

6) 

C(6)-C(12)-C(7) 

126. 

4( 

6) 

I 

i 
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Table  15  Continued 


C(6 

)-C(12)-C(ll) 

116.5(6) 

C(7 

)-C(12)-C(ll) 

117.0(6) 

N(l 

)-C(13)-C(ll) 

115.6(5) 

N(l 

)-C(13)-C(14) 

123.4(5) 

C(ll)-C(13)-C(14) 

121.0(5) 

C(4. 

)-C(14)-C(5) 

126.5(6) 

c(4; 

)-C(14)-C(13) 

117.0(6) 

c(5; 

-C(14)-C(13) 

116.5(6) 

N(2; 

l-C(15)-C(2) 

115.2(5) 

o(i; 

-C(16)-N(3) 

122.3(6) 

0(1] 

-C(16)-N(4) 

123.5(6) 

N(3] 

-C(16)-N(4) 

114.2(6) 

N(5] 

-C(17)-C(9) 

113.6(5) 

0(2] 

-C(18)-N(6) 

121.2(6) 

0(2) 

-C(18)-N(7) 

123.7(6) 

N(6) 

-C(18)-N(7) 

115.1(6) 

In  the  Nitrate 

Ions 

0(5) 

-N(8)-0(6) 

122.8(6) 

0(5) 

-N(8)-0(7) 

120.1(6) 

0(6) 

-N(8)-0(7) 

117.1(6) 

0(8) 

-N(9)-0(9) 

119.5(5) 

0(8) 

-N(9)-0(10) 

122.6(5) 

0(9) 

-N(9)-0(10) 

117.9(5) 
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Table  17 

Bond  Distances  (in  A)  for  Hydrogens  of  [Co(PHENSC) (H20)2] (NO3) 
With  Estimated  Standard  Deviations 


H(l)-0(3) 

0.90(7) 

H(2)-0(3) 

0.62(7) 

H(3)-0(4) 

0.83(6) 

H(4)-0(4) 

0.58(8) 

H(5)-C(3) 

0.95(6) 

H(6)-C(4) 

0.92(7) 

H(7)-C(5) 

0.53(8) 

H(8)-C(6) 

0.95(6) 

H(9)-C(7) 

0.97(6) 

H(10)-C(8) 

0.88(5) 

H(ll)-C(17) 

0.94(6) 

H(12)-C(15) 

0.90(6) 

H(13)-N(3) 

1.06(7) 

H(14)-N(6) 

1.11(7) 

H(15)-N(7) 

0.82(7) 

H(16)-N(7) 

0.82(8) 

H(17)-N(4) 

0.82(6) 

H(18)-N(4) 

0.89(7) 
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Table  19 

Least-Squares  Planes  for  [Co(PHENSC)(H20)2](N03)2^ 


Atom  ' 

PHEN 

Side  (1) 

Side  (2) 

Donors 

Co 

86 

-153 

-22 

25 

0(1) 

-85 

-589 

-27* 

-160 

0(2) 

198 

8* 

10 

47* 

N(l) 

-9* 

-358 

4 

19* 

N(2) 

20 

-347 

-3* 

-38* 

N(3) 

17 

-345 

-36* 

-92 

N(4) 

93 

-311 

33* 

-79 

N(5) 

75 

-19* 

-155 

-38* 

N(6) 

80 

25* 

-207 

-92 

N(7) 

65 

-13* 

-247 

-180 

N(10) 

15* 

-175 

-94 

11* 

C(2) 

-13* 

-442 

60 

30 

C(3) 

-11* 

-512 

139 

90 

C(4) 

19* 

-469 

184 

164 

C(5) 

9* 

-368 

117 

181 

C(6) 

2* 

-291 

46 

157 

C(7) 

-25* 

-162 

-127 

47 

C(8) 

2* 

-74 

-171 

14 

C(9) 

18* 

-87 

-157 

-8 

c(ii) 

-6* 

-254 

-46 

47 

C(12) 

-10* 

-234 

-43 

84 
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Table 

19  Continued 

Atom 

PHEN 

Side  (1) 

Side  (2) 

Donors 

0 

77 

A* 
t 

—  J30 

xu/ 

-1  Q 

tJ  / 

O  1 

-?7 

/ 

1  A 

1* 

Hi/ ) 

n* 

u 

1  OA 

-Or 

111 
ill 

9* 

1  Al 

-14/ 

77 

Z 

-0.4190 

-0.4771 

-0.3684 

-0.3971 

m 

0.2731 

0.2631 

0.2994 

0.3111 

n 

0.8659 

0.8386 

0.8802 

0.8634 

P 

6.628 

6.278 

7.177 

6.830 

a  3 
The  title  of  the  plane  is  followed  by  the  deviations  (x  10   A)  of 

the  atoms  listed  in  the  left-hand  column.    The  atoms  used  to  define 

the  plane  are  denoted  by  asterisks.    The  deviation  eqyals  £X+mY+nZ-p 

where  X,  Y,  and  Z  are  the  orthogonal  coordinates  (in  A)  relative  to 

a,  b,  and  c  sin  3;  £,  m  and  n  are  the  directiog  cosines;  and  p  is 

the  distance  of  the  plane  from  the  origin  (in  A). 
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Table  20 

Dihedral  Angles  for  Various  Planes  in  [Co(PHENSC)(H20)2](N02)2 

Plane  (1)  Plane  (2)  Angle  (deg) 

Phen  Side  (1)  3.7 

Phen  Side  (2)  3.4 

Side  (1)  Side  (2)  7.0 


CHAPTER  VI 

THE  CRYSTAL  STRUCTURE  OF  DINITRAT0[2 ,9-DIFORMYL-l ,10-PHENANTHROLINE 
BIS(SEMICARBAZONE)]LEAD(II),  [Pb(PHENSC) (N03)2] 

The  Pb(II)  ion  is  a  good  example  for  consideration  of  low  and 

high  coordination  number  complexes.    In  addition,  the  lone  pair  of 

electrons  on  lead(II)  ion  in  some  cases  has  an  important  effect  on 

128-130 

the  stereochemistry  of  Pb(II).  In  spite  of  the  large  size  of 

the  lead(II)  ion,  complexes  with  low  coordination  numbers  are  known. 
However,  high  coordination  numbers  such  as  seven  to  ten  are  usually 

found,  with  eight  coordination  being  the  most  common.    Only  two 

131  132  133 
nine-     '      and  one  ten-      coordinate  lead(II)  complexes  have  been 

reported.    A  few  hexadentate  macrocyclic  lead(II)  compounds  have  been 

I3n  131  134  1 3R 

studied  by  X-ray  diffraction  method. •^'^^'^•^^'^■^^'■^•^^    Another  hexaden- 
tate ligand,  2,9-diformyl-l,10-phananthroline  bis(semicarbazone) , 
PHENSC,  was  used  to  prepare  [Pb(PHENSC) (N03)2] ,  which  was  studied  by 
X-ray  diffraction. 

A.    Experimental  Section 
Preparation  of  [Pb(PHENSC) (NOo)^] 

Equimolar  amounts  of  lead  nitrate  and  2,9-diformyl-l,10-phenan- 
throline  bis(semicarbazone)  were  heated  for  six  hours  in  methanol- 
water  (2:1).    After  filtering  the  slurry  and  collecting  one  crop  of 
crystals,  clear  yellow  crystals  suitable  for  X-ray  diffraction  studies 
were  obtained. 
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Data  Collection  and  Reduction 

Preliminary  photographs  indicated  that  the  space  group  was  C2/c, 
and  the  molecule  has  a  twofold  axis.    The  unit  cell  dimensions  are 
reported  in  Table  3,  and  the  intensity  data  were  measured  using  a 
Syntex  PT  diffractometer.    The  pertinent  crystal  data,  together  with 
some  details  of  the  intensity  measurements,  are  given  in  Table  3. 
The  e-2e  scan  technique  with  a  variable  scan  rate  of  1  to  24°/min 
was  used  in  measuring  the  intensity.    Four  standard  reflections  were 
measured  every  96  reflections  to  monitor  the  beam  and  crystal  sta- 
bility.   Scale  factors  varying  from  0.978  to  1.005  were  used  to  place 
all  the  data  on  approximately  the  same  scale. 
Structure  Determination  and  Refinement 

The  position  of  the  lead  atom  was  determined  from  the  Patterson 
function  and  the  remaining  non-hydrogen  atoms  from  successive  Fourier 

syntheses.    The  R  value  (R  =  ^ I  I ^q^s  I"  ■''calc '      ' ""obs  '  ^ 
the  start  of  the  least-squares  refinement.    After  three  cycles,  the 
R  value  was  0.076.    Anisotropic  thermal  refinement  gave  an  R  of  0.039 
after  three  cycles. 

88 

The  scattering  factors  were  taken  from  the  usual  sources.  The 
final  positional  parameters  and  thermal  parameters  for  the  non-hydro- 
gen atoms  are  given  in  Tables  21  and  22,  respectively.  The  bond  dis- 
tances and  angles  are  given  in  Tables  23  and  24,  respectively. 

B.    Results  and  Discussion 

The  crystal  consists  of  [Pb(PHENSC) (N03)2] ,  illustrated  in 
Figures  22  and  23.    The  lead  atom  has  an  unusual  coordination  number 
of  ten  involving  six  donor  atoms  of  the  planar  ligand  in  the  equatorial 
plane  and  four  oxygen  atoms  from  two  axial  bi dentate  nitrate  groups. 
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The  Nitrate  Groups 

A  great  many  nitrato  complexes  have  been  studied.    Several  modes 
of  coordination  have  been  proposed  for  the  nitrate  group,  and  so  far 
four  of  these  types  of  nitrato-groups  have  been  identified--  uniden- 
tate,  unsymmetrical ly  bidentate,  symmetrically  bidentate,  and  bridg- 
ing.   The  unidentate  form  is  a  less  common  alternative,  in  [AuCNO^)^]" 

ion,  Au(III)  is  coordinated  in  an  essentially  square-planar  manner  by 

136 

four  unidentate  nitrato  groups.        In  unsymmetrical  bidentate  ni- 

o 

trato  groups,  there  is  a  small  but  real  difference  (e.g.,  0.2  -  0.7  A) 

between  the  distances  from  the  metal  atom  to  the  two  coordinated  oxy- 

2-  137 

gen  atoms  of  each  nitrato  group.    For  example,  in  [CoCNO^)^]  , 

o  o 

the  Co-0  distances  are  2.03,  2.36  A  and  2.11,  2.54  A.    The  symmetrical 
bidentate  nitrato  group  is  preferred  where  the  metal  atom  is  equidis- 
tant from  the  two-coordinated  oxygen  atoms.    For  bridging  nitrato- 

138 

groups,  the  coordination  to  more  than  one  metal  atom  is  possible. 

M-0.  M 

^N-0  ,      ^0-NO,,  M-O-NO, 
M-0'^  ^ 

The  Pb-0  (bidentate  nitrate  groups)  distances  range  from  2.564  to 

o 

2.809  A  for  nine  and  eight  coordinations  of  binuclear  TPymTPb2(N02)^ 
(H20)2  complex  (TPymT  =  2,4,6-tris(2-pyrimidyl )-l,3,5-triazine)^^^ 
containing     symmetrical  bidentate  nitrate  groups.  In  eight  coordina- 
tion [Pb(L)(N02)2]  complex  (L  =  1 ,4,8,11-tetra-azacyclotetradecane) , 

o  o 

the  Pb-0  (nitrate)  bond  distances  are  2.96,  3.31  A  and  2.88,  3.08  A 

129 

(unsymmetrical  bidentate  nitrate  groups).       We  found  in  [Pb(PHENSC) 
(N03)2],  ''^^^  distances  are  2.735(10)  and  2.823(10)  A,  which 
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are  similar  to  the  values  in  the  two  lead  complexes.    The  N-0  bond 
lengths  are  1.232(14),  1.234(15),  1.235(14)  A  and  ONO  bond  angles 
are  119.2(11)°,  120.7(11)°,  120.0(11)°,  which  indicates  a  very  sym- 
metrical nitrate  group  in  this  complex.    Dimensions  of  symmetrical 

132  138 

bidentate  nitrato-groups  are  given  in  Table  25.      '        In  most 
instances,  the  terminal  N-0  bond  is  shorter,  and  the  N-0  bonds  in- 
volving the  coordinated  oxygens  are  longer  than  the  N-0  bond  in  an 

uncoordinated  nitrate  group  (nitrate  ion).    Also,  the  ONO  bond  angle 

138 

involving  the  coordinated  oxygen  atoms  is  less  than  120°.  However, 
in  [Pb(PHENSC)(N03)2]and  (TPymT)Pb2(N03)^(H20)2  complexes,  the  biden- 
tate nitrato-groups  are  very  similar  to  a  nitrate  ion  with  all  the 
N-0  distances  being  equal. 
The  Hexadentate  Ligand 

In  the  [Pb(PHENSC)(N02)2]  complex,  four  nitrogen  atoms  (Pb-N 
bond  distances  2.731(9)  and  2.727(9)  A)  and  two  oxygen  atoms  (Pb-0 
bond  length  2.739(9)  A)  of  the  hexadentate  ligand  (PHENSC)  are  coor- 
dinated.   In  comparison,  the  average  Pb-N  bond  distance  is  2.704  in 
[(TPymT)Pb2(N03)4(H20)2];^^^  2.884  (Pb-N  cryptate),  2.642  (Pb-NCS)  in 
[Pb(cryptate)(NCS)(SCN)];^^^  2.49  in  [Pb(L) (N03)2] 2.75  in  [Pb(L) 

(H20)](C104)2-H20;^^°  2.751  in  [Pb(L) (SCN)2]^-^^  and  2.618  A  in  [Pb(L) 
131 

(SCN)(NCS)],      where  the  L's  are  macrocyclic  ligands.    The  Pb-0  bond 
distances  in  lead(II)  complexes  range  from  2.564  to  3.130  a,-^^^"-^^-^'^^^ 
Therefore,  the  Pb-N  and  Pb-0  bond  distances  in  the  [Pb(PHENSC) (N03)2] 
complex  are  within  the  range  of  values  found  in  the  other  lead(II) 
complexes. 
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The  least-squares  planes  data  are  given  in  Table  26.    The  devia- 

o 

tions  of  the  atoms  in  plane  I  are  from  -0.061  to  0.046  A  and  in  plane 

o 

II  are  from  -0.042  to  0.081  A.    The  dihedral  angle  between  plane  I 
and  plane  II  is  21.6°,  and  six  donor  atoms  in  the  equatorial  are 
planar. 

The  Coordination  Polyhedron 

Robertson's  polyhedron  analysis  was  used  to  evaluate  the  struc- 

139 

tural  results  for  this  complex.        The  dihedral  angles  of  the  poly- 
hedron were  calculated  after  the  metal -donor  distances  were  reduced 
to  a  unit  sphere.    Then  these  angles  were  compared  to  the  dihedral 
angles  formed  by  the  idealized  polyhedron  (see  Figures  24  and  25)^^^ 
when  inscribed  in  a  unit  sphere.    The  coordinates  of  the  idealized 
polyhedron  were  calculated  by  an  energy  minimization  technique  based 
on  R^^'"  repulsion  potential  (where  R- •  is  the  separation  of  atoms  i 
and  j).    The  dihedral  angles  were  calculated  for  the  case  of  n  =  6. 
A  bicapped  square  anti prism  (1-4-4-1)  polyhedron  and  a  2-6-2  (0° 
twist)  polyhedron  were  considered  for  this  complex.    In  the  case  of 
the  2-6-2  polyhedron,  the  two  pairs  of  capping  vertices  were  rotated 
from  the  eclipsed  position  in  opposite  directions.    The  root  mean 
square  (RMS)  of  the  differences  in  the  dihedral  angles  between  the 
observed  and  idealized  polyhedron  are  given  in  Table  27.    The  dihedral 
angles  for  the  2-6-2  polyhedron  with  twists  of  20°  and  40°  are  essen- 
tially similar  to  the  bicapped  square  antiprism.    The  RMS  values  for 
2-6-2  (0°  twist)  and  1-4-4-1  polyhedron  are  very  similar  (15.69  and 
14.68,  respectively).    Therefore,  the  polyhedron  in  the  lead  complex 
has  features  common  to  both  2-6-2  and  1-4-4-1  geometries.    We  also 
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considered  the  2-6-2  polyhedron  without  the  energy  minimization  pro- 
cedure for  20°,  40°  and  60°  (see  Table  28).    The  dihedral  angles  for 
the  80°  twist  are  very  similar  to  those  for  the  40°  twist.  Therefore, 
the  coordination  polyhedron  is  probably  best  described  in  terms  of 
the  2-6-2  polyhedron  with  a  60°  twist. 
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Table  21 


+4 

Final  Positional  Parameters  (x  10     except  for  Pb 
which  is  X  lO"^^)  for  [Pb(PHENSC) (N03)2] 


ATOM 

\* 

PB 

0(  1  ) 

394(6) 

0(2) 

2045(7) 

0(3) 

941 (7) 

0(4) 

1637( 6) 

N(l  ) 

688(6) 

N(2) 

1 181 ( 6) 

N(3  ) 

1356( 6) 

N(4) 

986(8) 

N(S) 

1553(7) 

C(2) 

1381(8) 

C(3) 

ia52( 10) 

C(4) 

1530( 10) 

C(5) 

773 ( 9  ) 

C(6) 

393(7) 

C(7  ) 

1613(8) 

C(8) 

861 (8) 

C(9) 

374(9) 

Y 

22513(3  ) 
914(5) 
1563(6) 
2327(6) 
1705(6) 
3668(5) 
2291 (6) 
1616(6 ) 
322 (7) 
1874(6) 
3669(7) 
4375(9 ) 
50  90( 9 ) 
51 16(8  ) 
4380( 7) 
2917(7) 
937(7) 
5851 (9) 


Z  . 
-25000* 

-685 ( I  1 ) 
-5669(  12) 
-5269( 12) 
-3301  (  12) 

-  1316( 10) 

186( 1 1 ) 
1066( 1 1 ) 
16  18(  14) 
-4737(  12) 
-153{  14) 
371 (17) 
-253 ( I  7) 

-  1365(  16) 
-1913(  13) 

655  (  15) 
604( 1 4) 
-1981  (17) 


Required  by  symmetry  of  space  group. 
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Table  23 

Bond  Distances  (in  A)  in  [Pb(PHENSC) (N03)2] 
With  Estimated  Standard  Deviations 


Pb-O(l) 

2.739(9) 

Pb-0(3) 

2.823(10) 

Pb-0(4) 

2.735(10) 

Pb-N(l) 

2.731(9) 

Pb-N(2) 

2.727(9) 

N(l)-C(2) 

1.352(14) 

N(l)-C(6) 

1.348(14) 

N(2)-N(3) 

1.361(13) 

N(2)-C(7) 

1.271(15) 

N(3)-C(8) 

1.388(15) 

N(4)-C(8) 

1.337(16) 

N(5)-0(2) 

1.232(14) 

N(5)-0(3) 

1.234(15) 

N(5)-0(4) 

1.235(14) 

C(2)-C(3) 

1.421(19) 

C(2)-C(7) 

1.456(17) 

C(3)-C(4) 

1.373(21) 

C(4)-C(5) 

1.393(20) 

C(5)-C(6) 

1.413(18) 

C(5)-C(9) 

1.440(20) 

C(8)-0(l) 

1.231(14) 
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Table  24 

Bond  Angles  (in  deg)  in  [Pb(PHENSC) (NO^)^] 
With  Estimated  Standard  Deviations 


0(3)-Pb-0{l) 

113.5 

[3) 

0(3)-Pb-N(l) 

93.7 

[3) 

0(3)-Pb-N(2) 

110.6 

[3) 

0(4)-Pb-0(l) 

73.5 

[3) 

0(4)-Pb-N(l) 

94.0 

[3) 

0(4)-Pb-N(2) 

72.2 

(3) 

0(3)-Pb-0(4) 

45.2 

[3) 

N(l)-Pb-N(2) 

59.2 

[3) 

N(2)-Pb-0(1) 

58.1 

[3) 

Pb-0(1)-C(8) 

122.5 

[7) 

Pb-0(3)-N(5) 

94.4 

[7) 

Pb-0(4)-N(5) 

98.7 

[7) 

Pb-N(l)-C(2) 

119.9 

[7) 

Pb-N(l)-C(6) 

122.2 

7) 

Pb-N(2)-N(3) 

120.4 

[6) 

I  o  / 

C(2)-N(l)-C(6) 

117.8 

[9) 

N(3)-N(2)-C(7) 

116.7 

[9) 

N(2)-N(3)-C(8) 

117. 1( 

9) 

0(2)-N(5)-0(3) 

119. 2( 

11) 

0(2)-N(5)-0(4) 

120. 7( 

11) 

0(3)-N(5)-0(4) 

120. 0( 

11) 

Table  24  Continued 


N(l] 

-C(2] 

-C(3) 

123. 0( 

11) 

N(l] 

-C(2] 

-C(7) 

117. 8( 

10) 

CO] 

-C(2] 

-C(7) 

119.11 

.11) 

C(2] 

-co; 

-C(4) 

117. 4( 

13) 

0(3] 

-c(4; 

-C(5) 

121. 0( 

13) 

0.(4] 

-c(5; 

-C(6) 

117. 6( 

12) 

c(4; 

-c(5; 

-C(9) 

123. 2( 

13) 

C(6] 

-C(5] 

-C(9) 

119. 2( 

12) 

-C(6, 

-C(5  J 

122.8 

10) 

N{2; 

-c(7; 

-C(2) 

118. 5( 

11) 

0(1] 

-C(8] 

-N(3) 

120. 8( 

10) 

0(1] 

-C(8] 

-N(4) 

124. 7( 

11) 

N(3] 

-C(8] 

-N(4) 

114. 3( 

10) 
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Table  26 

Least-Squares  Planes  for  [Pb(PHENSC) (NO^)^]^ 


Atom 

Plane  I 

Plane  II 

Pb 

211 

-250 

N(l) 

8* 

-595 

C(2) 

-61* 

-272 

C(3) 

10* 

-255 

C(4) 

39* 

-696 

C(5) 

7* 

-1135 

C(6) 

46* 

-1014 

C(9) 

-48* 

-1684 

C(7) 

-301 

-11* 

N(2) 

-377 

-42* 

N(3) 

-726 

81* 

C(8) 

-867 

-8* 

18* 

N(4) 

-1361 

-37* 

I 

0.6824 

0.8363 

m 

-0.0489 

-0.2754 

n 

-0.7293 

-0.4741 

P 

1.261 

0.3657 

a  J 
The  title  of  the  plane  is  followed  by  the  deviations  (x  10  A) 

of  the  atoms  listed  in  the  left-hand  column.    The  atoms  used  to 

define  the  plane  are  denoted  by  asterisks.    The  deviation  equals 

^X+mY+nZ-p,  where  X,  Y,  and  Z  are  the  orthogonal  coordinates  (in 

A)  relative  to  a,  b,  and  c  sin  3;  £,  m  and  n  are  the  direction  o 

cosines;  and  p  is  the  distance  of  the  plane  from  the  origin  (in  A). 
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Table  27 

A  Comparison  of  the  Interplanar  Angles  for  the 
Coordination  Polyhedron  in  [Pb(PHENSC) (NO-j)^]  Complex 


Observed*  Theoretical  Polyhedron 


Edae 

Anal  e 

1-4-4-1 

2-6-2 

0(4')-N(2') 

52.83 

56.34 

53.45 

0(3)-N(2' ) 

46.34 

56.34 

53.45 

N(l'  )-N(2' ) 

70.73 

56.34 

53.45 

0(1'  )-N(2' ) 

57.50 

56.34 

53.45 

N(2)-0(l) 

57.50 

56.34 

53.45 

N(2)-0(3' ) 

46.34 

56.34 

53.45 

N(2)-0(4) 

52.83 

56.34 

53.45 

N(2)-N(l) 

70.73 

56.34 

53.45 

0(3')-0(4') 

77.61 

56.16 

90.00 

0{l)-0(4' ) 

35.58 

56.16 

0(4)-0(3) 

77.61 

56.16 

90.00 

N(l)-0(3) 

31.16 

56.16 

** 

0(3')-N(l') 

31.16 

56.16 

** 

N(l)-N(l') 

80.18 

56.16 

90.00 

o(i)-o(r) 

54.20 

56.16 

90.00 

0(4)-0(l') 

35.58 

56.16 

** 

o(r)-o(4') 

43.58 

30.86 

50.50 

0(3)-N(l' ) 

41.27 

30.86 

50.50 

0(4')-N(l') 

22.72 

30.86 

50.50 

0(3)-0(l') 

35.51 

30.86 

50.50 
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Table  27  Continued 


Observed* 

Theoretical 

Polyhedron 

Edge 

Angle 

1-4-4-1 

2-6-2 

0(4)-0(l) 

43.58 

30.86 

50.50 

0(l)-0(3') 

35.51 

30.86 

50.50 

N(l)-0(4) 

22.72 

30.86 

50.50 

N(l)-0(3') 

41.27 

30.86 

50.50 

RMS  =  14.68 

15.69 

*Angle  calculated  after  all  Pb-donor  distances  were 

o 

normalized  to  1.0  A. 


**No  value  was  calculated,  since  this  is  not  an  external 
edge  of  the  polyhedron. 
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Table  28 

A  Comparison  of  the  Interplanar  Angles  for  the  Coordination 
Polyhedron  in  [Pb(PHENSC)(N03)2]  Complex 

Theoretical  Polyhedron 


Observed* 

2-6-2 

2-6-2 

2-6-2 

Edge 

Angle 

20° 

40° 

60° 

Nvlj-l>Hl  ) 

OA    1  O 

o3.  yb 

77  cn 
/  /  .bU 

7r\  OC 
/U.ob 

a/o\  r\  /  a  \ 

77  CI 

//  .bi 

od.tO 

01  7Q 

oi .  /y 

0(3  ;-0i4  J 

7  7  ^1 

77.61 

85.33 

82.66 

o  1  7n 

81 .79 

N(l)-N(2) 

70.73 

53.73 

55.50 

CO  '5/1 

58.34 

N(l  )-N(2  ) 

70.73 

53.73 

55.50 

58.34 

0(1' )-N(2' ) 

57.50 

53.73 

55.50 

58.34 

0(1)-N(2) 

57.50 

53.73 

55.50 

58.34 

0(1)-0(1' ) 

54.20 

83.96 

77.50 

70.85 

0(4  )-N(2  ) 

52.83 

53. 15 

53.16 

53.06 

0(4)-N(2) 

52.83 

53. 15 

53.16 

53.06 

0(3)-N(2' ) 

46.34 

53.15 

53.16 

53.06 

N(2)-0(3' ) 

46.34 

53.15 

53.16 

53.06 

0(1  )-0(4  ) 

43.58 

51.96 

52.70 

53.06 

0(l)-0(4) 

43.58 

51.96 

52.70 

53.06 

N(l)-0(3') 

41.27 

51.96 

52.70 

53.06 

0(3)-N(l') 

41.27 

51.96 

52.70 

53.06 

0(l)-0(4') 

35.58 

8.89 

17.45 

25.82 

o(4)-o(r) 

35.58 

8.89 

17.45 

25.82 

0(3)-0(l') 

35.51 

42.39 

34.11 

25.82 

0(l)-0(3') 

35.51 

42.39 

34.11 

25.82 
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Table  28  Continued 


Edge 

Angle 

Theoretical  Polyhedron 
2-6-2           2-6-2  2-6-2 
20°              40°  60° 

0(3')-N(l') 

31.16 

8.89 

17.45 

25.82 

0(3)-N(l) 

31.16 

8.89 

17.45 

25.82 

0(4)-N(l) 

22.72 

42.39 

34.11 

25.82 

0(4')-N(l') 

22.72 

42.39 

34.11 

25.82 

RMS  = 

=  15.28 

11.21 

8.62 

*  Angle  calculated  after  all  Pb-donor  distances  were  normalized  to 
1.0  A. 


CHAPTER  VII 

THE  CRYSTAL  STRUCTURE  OF  y-0X0-BIS{NITRAT0[2 ,9-DIFORMYL-l ,10- 
PHENANTHROLINE  BIS(SEMICARBAZONE)]AQUA  THORIUM( IV) }NITRATE 
MONOHYDRATE,  {[Th(PHENSC) (H2O) (N03)]20}(N03)4-H20 

The  coordination  numbers  eight  to  twelve  have  been  reported  for 

141  142 

Th(IV)  complexes,  even  up  to  sixteen  in  the  case  of  ir-complexes.  ' 

However,  an  unusual  four  coordination  in  BH^Th[N(Si (CH^)^)^]^,  which 

is  isostructural  with  CH^ThENCSi (CH2)2)2]3,  has  been  confirmed  by  an 

X-ray  diffraction  study. ''"'^^    Dinuclear  thorium(IV)  complexes  are 

common,  and  the  two  metal  atoms  can  be  linked  by  various  bridging 
142  144-147 

groups,      '  but  no  example  of  bridging  0x0  groups  has  been 

found  for  Th(IV)  complexes. 

There  are  several  varieties  of  0x0  bridging  compounds  with  the 

other  metals.    Singly-bridged  complexes  may  have  either  bent  or  linear 

bridges,  and  the  M-O-M  angle  can  vary  from  -122°  to  180°.    These  angles 

are  121.7°  in  (Ph2TeNCS)20;^^^  126-129°  in  [(CH3)3SbX]20  (X  =  ClO^", 

CI"  and  N3");^^^  157.2°  in  {[Ru(bPy)2(N02)]20}(C104)2-2H20;^^°  178  ± 

4°  in  [(C2H50CS2)2Mo0]20;       linear  in  Y.^  [Mo02(C204) (H20)]20 

and  {[(H20)LFe]20}(C10^)4^^^  (L  =  pentadentate  macrocyclic  ligand). 

In  y-oxo-bis[4-chloro-2 ,6-pyridinedicarboxylatodiaquairon(III)  tet- 

154 

rahydrate,  Fe-O-Fe  angle  is  about  178°.        The  molecular  structures  of 

155 

the  y-dioxo  complexes  Na2Mo204(cysteine)2,  5H2O       and  {[1^00(020^) 
2-  156 

(H20)]20}    ,       have  been  studied  by  X-ray  diffraction.    A  pyramidal 

117 
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M3O  unit  (U3-O)  is  found  in  [NEt4]2[Re30(H)2(C0)g]  with  an  average 

°  157 

Re-Re  bond  length  of  2.968  A.        Oxo-centered  complexes  y^-O  in 
[Mn3(Py)30(02CMe)g]^^^  with  Mn— Mn  distance  3.363  A  and  in 
Cu^OClglPh^PO)^^^^  and  (Et2NH2)4[Cu40Cl ^q]^^°  which  oxygen  atom  is 
at  the  central  of  a  tetrahedron  were  studied  by  X-ray.    Finally,  y^-O 
in  [FegO(02CMe2)3^2^^  which  spectroscopic  properties  of  this  complex 
shows  the  central  oxygen  atom  would  be  five  coordinate  in  trigonal 
bi pyramidal  geometry. 

No  complex  of  a  hexadentate  ligand  with  Th(IV)  has  been  reported. 
However,  2,9-diformyl-l,10-phenanthroline  bis(semicarbazone) ,  PHENSC, 
was  used  to  produce  {[Th(PHENSC) (H2O) (N03)]20}(N03)^-H20,  which  was 
studied  by  X-ray  diffraction.    This  complex  is  the  first  example  of 
a  hexadentate  ligand  coordinated  to  Th(IV)  and  the  first  0x0  bridged 
Th(IV)  complex  reported. 

A.    Experimental  Section 
Preparation  of  {[Th(PHENSC)(H20)(NO^)]20}(NO^)^-H^0 

A  slurry  of  equimolar  amounts  of  thorium  nitrate  tetrahydrate 
and  l,10-phenanthroline-2,9-dicarboxaldehyde  disemicarbazone  was 
heated  in  95%  ethanol .    Additional  water  was  added,  and  the  mixture 
was  heated  for  about  four  hours.    The  resulting  clear  golden  solution 
was  filtered  and  provided  suitable  crystals  after  slow  evaporation  of 
the  solvent.    Anal.  Calcd.  for  C32H34N2202gTh2 :    C,  23.92;  H,  2.13; 
N,  19.18.    Found:    C,  24.36;  H,  2.23;  N,  19.27. 
Data  Collection  and  Reduction 

Preliminary  photographs  indicate  that  the  space  group  was  P2j^/c. 
The  unit  cell  dimensions  are  reported  in  Table  4,  and  the  intensity 
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data  were  measured  using  a  Syntex  PT  diffractometer.    The  pertinent 
crystal  data,  together  with  some  details  of  the  intensity  measure- 
ments, are  given  in  Table  4.    The  9-26  scan  technique  with  a  variable 
scan  rate  of  1  to  24°/min  was  used  in  measuring  the  intensity.  Four 
standard  reflections  were  measured  every  96  reflections  to  monitor 
the  beam  and  crystal  stability..  Scale  factors  varying  from  0.983  to 
1.057  were  used  to  place  all  the  data  on  approximately  the  same  scale. 
Structure  Determination  and  Refinement 

The  position  of  the  two  unique  thorium  atoms  were  determined  from 
the  Patterson  function  and  the  remaining  non-hydrogen  atoms  from  suc- 
cessive Fourier  Syntheses.    The  R  value  (R  =  ^ I  I '^obs '^calc ' ''^^ ' '^obs  '  ^ 
was  0.13  after  three  least-squares  cycles  with  81  atoms  isotropic.  A 
difference  Fourier  synthesis  at  this  point  indicated  a  water  of  crys- 
tallization which  was  included  in  the  subsequent  calculations.  Aniso- 
tropic thermal  refinement  of  the  two  thorium  atoms  with  all  other  atoms 
isotropic  gave  an  R  of  0.086  after  three  cycles. 

88 

The  scattering  factors  were  taken  from  the  usual  sources.  The 
final  positional  parameters  for  the  non-hydrogen  atoms  and  thermal 
parameters  for  thorium  atoms  are  given  in  Table  29.    The  bond  distances 
and  angles  are  given  in  Tables  30  and  31,  respectively. 

B.    Results  and  Discussion 

The  two  thorium  atoms  in  the  bi nuclear,  oxo-bridged  complex  both 
have  coordination  numbers  of  ten  involving  six  donor  atoms  of  the 
planar  ligand,  two  oxygen  atoms  from  one  bi dentate  nitrate  group,  one 
oxygen  from  water,  and  one  oxygen  from  the  unusual  oxo  bridge  (see 
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Figures  26  and  27).    The  Th(l)-0(23)-Th(2)  bridging  angle  is  174.4 
(11)°,  and  the  Th(l)-Th(2)  separation  is  4.245(2)  A.    The  Th-0 

o  o 

(bridging)  distances,  2.10(2)  and  2.15(2)  A  (average  =  2.125  A),  are 
not  significantly  different  but  are  much  shorter  than  those  of  the 

o 

Th-O(nitrate) ,  vnth  average  distance  2.65  A,  and  Th-O(water),  with 

o 

average  distance  2.53  A.    The  oxygen  atom  in  Th(l)-0(23)-Th(2)  link- 
age is  much  more  tightly  bound  than  that  of  the  nitrate  or  water 
groups.    The  bridge  bonding  can  be  considered  in  terms  of  a  three- 
center  molecular  orbital  treatment.    A  combination  of  the  d  orbitals 
of  the  two  metal  atoms  and  the  P  orbital  of  the  oxygen  atom  produces 
one  bonding,  one  non-bonding,  and  one  anti-bonding  MO,  with  four 
electrons  occupying  the  lower  two.    The  linearity  probably  results 
from  d^-P^  bonding  through  overlap  of  the  P  orbital  on  oxygen  and 
the  d  orbitals  on  two  thorium  atoms.    In  tetrani tratobis(tri phenyl - 
phosphine  oxide)thorium(IV) ,  [Th(NO2)4(0PPh2)2] ,  the  average  Th-O 

o 

(bridging)  distance  (2.35  A)  is  shorter  than  the  average  Th-O(nitrate) 

o 

distance  (2.55  A).    These  differences  are  smaller  than  those  found  in 
the  Th-PHENSC  complex,  and  also  shows  accordingly  v^e  conclude  that 
the  Th(l)-0(23)-Th(2)  linkage  is  much  more  tightly  bound  than  that 
in  [Th(N03)4(0PPh3)2].-^^^ 
The  Water  and  Nitrate  Groups 

The  average  Th-0  (water)  and  the  average  Th-0  (nitrate)  bond 

o 

distances  are  2.53  and  2.65  A,  respectively,  in  [Th2(0H)2(N03)g(H20) 

147  ° 

2.461  and  2.568  A,  respectively,  in  [Th(N03)^(H20)3] •2H2O. 

In  [Th(N03)3(PMe30)4]2[Th(N03)g]  complex, -^^^  the  Th-0  (nitrate)  bond 


121 


distances  range  from  2.46  A  to  2.94  A  (average  =  2.61  A),  which  are 
similar  to  our  results.    The  two  bidentate  nitrate  groups  are  similar 
to  the  uncoordinated  nitrate  ion  (see  Table  25  and  discussion  in 
Chapter  VI);  all  nitrate  groups  in  this  complex  are  planar. 
The  Hexadentate  Ligand 

The  two  PHENSC  hexadentate  ligands  in  the  {[Th(PHENSC)(H20)(N03)] 
0}(N02)^*H20  complex  are  involving  four  nitrogen  atoms  and  two  oxygen 
atoms.    No  hexadentate  ligand  containing  nitrogen  atoms  have  been  re- 
ported for  Th(IV),  and  no  Th-N  bond  lengths  are  available  for  ten 
coordination  of  Th(IV)  to  compare  with  our  results.    The  average  Th-0 

o 

(PHENSC)  bond  distance  is  2.46  A,  and  the  average  Th-N  bond  length  is 

o 

2.74  A,  which  is  larger  than  Th-N  bond  distances  in  the  eight  coordina 
tions  of  tetraisothiocyanato  tetrakis  (tetramethylurea)  thorium(IV) 
(average  =  2.52  A)       and  bis(N,N'-0-phenylenebis(salicylaldiminato) 

O       1  CC 

thorium(IV)  (average  =  2.66  A),      which  is  not  surprising. 

The  least-squares  planes  data  are  given  in  Tables  32  and  33  for 
Th(l)  and  Th(2),  respectively.    The  deviations  of  the  six  donor  atoms 
are  from  -0.371  to  0.366  A  for  Th(l)  and  from  -0.324  to  0.476  A  for 
Th(2),  which  are  significantly  larger  than  the  deviations  of  the  five 
donor  atoms  in  [Co(PHENSC)(H20)2](N03)2.    Dihedral  angles  for  the 
{[Th(PHENSC)(H20)(N03)]20}(N03)^-H20  are  given  in  Table  34.    The  two 
side  arms  are  twisted  (side  (1),  6.7°  and  side  (2),  7.3°)  for  Th(l) 
and  (side  (1),  7.1°  and  side  (2),  17.6°)  for  Th(2)  relative  to  the 
1 ,10-phenanthrol ine  rings.    The  1 ,10-phenanthrol ine  rings  and  planes 
containing  six  donors  in  Th(l)  and  Th(2)  (with  angles  1.2°  and  2.8°, 
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respectively)  are  almost  parallel.    However,  the  angle  between  side 
(1)  -  side  (1)  is  11.3°,  which  is  slightly  smaller  than  angle  between 
side(2)  -  side  (2)  (13.4°)  (see  Table  34).    Therefore,  the  two  side 
(1)  arms  are  twisted  in  the  opposite  direction,  but  the  two  side  (2) 
arms  are  twisted  in  the  same  direction. 
The  Coordination  Polyhedron 

We  have  evaluated  the  relative  stabilities  of  eclipsed  1-6-3 
and  staggered  1-6-3  polyhedron  geometries.    After  energy  minimization 
procedure,  we  found  the  eclipsed  form  is  of  lower  energy,  because  the 
six  donors  in  the  plane  deviate  markedly  from  planarity  with  respect 
to  the  staggered  form  (three  donors  go  up  and  three  donors  go  down). 
The  RMS  around  Th(l)  and  Th(2)  in  this  complex  are  given  in  Tables  35 
and  36,  respectively.    The  RMS  indicates  that  the  staggered  form  is 
more  favorable  for  both  thoriums  but  is  significantly  better  for  Th(2), 
which  is  not  surprising.    We  have  also  considered  the  1-3-6  (eclipsed 
and  staggered)  polyhedron  without  the  energy  minimization  procedure  to 
see  which  form  is  more  favorable  for  Th(l)  and  Th(2)  (see  Tables  37 
and  38).    The  RMS  values  indicate  the  eclipsed  form  is  more  favorable 
for  Th(l),  and  the  staggered  form  is  more  favorable  for  Th(2)  in  this 
complex. 
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Table  29 

Final  Parameters  for  [(Th[PHENSC])20(N03)2(H20)2](N03)4-H20. 

The  positional  parameters  are  x  lo"^^  for  the  Th  atoms  and  x  lO"^ 

for  the  light  atoms.    The  B  is  the  isotropic 
 thermal  parameter  for  the  light  atoms.  


ATOM 

X 

Y 

Z 

B 

TH(  1  ) 

180a0(  11) 

43S57( 4) 

60368(  9) 

TH(2) 

19013(1 1 j 

39556  (4  ) 

9 1 537 ( 9  ) 

* 

0(  1) 

72(  2) 

505(1 ) 

671 (2) 

3.2(5) 

Q{2  J 

17  (2  ) 

417(1 ) 

578(  2) 

2.7( 5) 

0(3) 

181(2) 

39  1  (1  ) 

425 (2 ) 

3,0(5) 

0(4  ) 

290( 2) 

453(1 ) 

453( 2) 

2«8( 5) 

C(5) 

301 (2) 

402(1  ) 

323 ( 2) 

4,9( 6) 

0(6) 

91  (2) 

333( 1 ) 

1 074 ( 2) 

3  .4  (  5  ) 

0(7  ) 

1 94  (  2  ) 

32-3(  1  ) 

106  1(  1) 

2*1(4) 

C(8) 

126(2  ) 

32  9  (1  ) 

1 200 ( 2) 

2«7(  6) 

0(9) 

407( 2) 

34S( 1 ) 

140(  2) 

5,4 (7) 

C(10  ) 

494 (3  ) 

415( 1 i 

136(  2) 

5«6(  7) 

0(11) 

551 (3) 

345  (2  ) 

211  (4  ) 

1  0  .4  (  10) 

0(12) 

879(3) 

32a( 1 ) 

96(  4) 

8.3( 9) 

C(13) 

983 (2  J 

271  (1  J 

68(  3  ) 

6.0( 7) 

0(  14) 

£50(3) 

245(1  ) 

118(3) 

6.2(7) 

0(15) 

908 12) 

296(  1) 

344(  2) 

£.7(  7) 

0(  16) 

767(2) 

326  (1  ) 

350 ( 3  ) 

7  .5  (  9  ) 

0(  17) 

794( 3) 

243(1 ) 

354(3) 

7*0( 7) 

C(l  8  1 

199  (2> 

550  (1  ) 

306(  2  ) 

4#9( 7) 

0(  19) 

170(3) 

476  (1  ) 

236 (3  ) 

7  ,8  (  9  ) 

0(20  ) 

222( 3) 

537(  1  ) 

149(  2) 

e.6( 9) 

C(21  ) 

1 12 (2  ) 

475  (1  ) 

958 (2  ) 

3.1(5) 

0(22) 

22(  2) 

390(1 ) 

869(3) 

5.4( 6) 

C(23  ) 

191  (1  ) 

415(1) 

760 (  1  ) 

2.5( 5) 

0(24) 

118(2) 

502  (1  ) 

469(2) 

3  .9  (  5  ) 

0(25) 

279  (  2  ) 

423(1 ) 

1  079(  1) 

2.4( 5) 

C(26) 

292  (2) 

627(1  J 

888( 2 ) 

5.6( 6) 

N(  1) 

362(2) 

463(1 ) 

632(2) 

1 .8(4) 

N(2  ) 

238 ( 2  ) 

539 (  1) 

659(  2) 

2.1(6) 

N(3) 

168(3) 

572  (1  ) 

669 ( 2) 

3.6(7) 

N(4) 

18(  3) 

58a( 1 ) 

697( 4) 

6.0( 10) 

N(5  ) 

127 (2) 

339 ( 1 ) 

594( 2  ) 

3.1(7) 

N(  6) 

34(2) 

330  (1  ) 

582 (2) 

2  .6  (  5  ) 

N(7) 

-  1 10( 2) 

365(  1  ) 

574( 3) 

3.4( 7) 

N(l  0) 

317(2) 

363(1  } 

617( 2) 

1.8( 5  ) 

N(  11  ) 

256( 2) 

413(1  ) 

393( 2) 

2.8(5) 

N(12  ) 

129  (2  ) 

346 ( 1 ) 

1111(2) 

3.2( 7) 

N(  13  ) 

482(2) 

366  (1  ) 

162 (3  ) 

5.4(8  ) 

N(  14  ) 

898( 3) 

280( 1 ) 

87(  3) 

5.4(9) 

N(15) 

825 (2) 

290(1  ) 

343( 3) 

4.9(8) 

N(  16) 

196(2) 

521  (1  ) 

232 ( 2) 

3.5(7) 

N(21  ) 

378(2  ) 

403( 1 ) 

896(  2) 

2.2( 4) 

N(22) 

277 (2  ) 

489  (1  ) 

902(2) 

2.6( 7  ) 

N(  23) 

2  15(  2) 

532(1 ) 

912(  2) 

1 .0(5) 

N(24  ) 

71  (2  ) 

56  1  (  1  ) 

955(  2) 

2.0(6) 

N(  25) 

1  04  (  2 ) 

305  (1  ) 

856(2) 

2.1(6) 

N  (26  ) 

12(  2) 

304( 1 ) 

843( 2) 

2.4( 6) 

N(27) 

-124(3) 

354  (1  ) 

834( 3  ) 

6.0(9) 

N(  30) 

296( 2) 

309(1 ) 

376( 2) 

2.2(6) 

C(2  ) 

398(3) 

511(1) 

646(  2) 

2.9(7) 

C(3) 

494(3  ) 

52  8  (1  ) 

650 (3 ) 

3.5(7  ) 

C(4) 

5S9( 2) 

48a( 1 ) 

642( 3) 

3.7( 8) 

C(5  ) 

595 (3  ) 

393(2  ) 

632(  2) 

3.4( 7) 

C(  6) 

572(3) 

344  (2  ) 

625(3) 

6  .6  (  1 4  } 

C(7  ) 

440( 4 ) 

279(2 ) 

617( 4) 

4.5(  13) 

C(3) 

348 (3  ) 

272  (1  ) 

617( 2) 

2.8( 7) 

C(  9) 

276(3) 

31 3(1  ) 

612( 2) 

2.7(7) 

C(l  I  ) 

405(2) 

372( I ) 

618(  2) 

2.5( 7) 

C(  12) 

463(3) 

333  (1  ) 

619(2) 

3 .0(7  ) 

C{  13) 

422( 2) 

427( 1 ) 

634(2) 

2.3(8  ) 
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Table  29  Continued 


ATOM 
C(  14) 
C{  15  ) 
CC16  ) 
C(  17) 
C(l  a) 
C(22) 
C(23) 
C(24  ) 
C(  25) 
C(26) 
C(27) 
0(28) 
C(29  ) 
C(31  ) 
C(32) 
C(33) 
C(  34) 
C(35  ) 
C(36) 
C(37) 
C(38  ) 


ATOM 
TH(  1  ) 
TH(  2) 


X 

Y 

Z 

B 

531 (2  ) 

436  (1  ) 

638( 3) 

3.7(9) 

227( 2) 

551 ( 1 ) 

659( 2) 

2.1(7) 

81  (3) 

556 ( 1  ) 

679(  3) 

4.3(  10) 

188(3} 

301  (1  } 

603(3) 

3.1  (9  ) 

-25(3) 

37  2(  1  ) 

571(  3) 

3.9( 6) 

423(2  ) 

44  9  (1  ) 

897(2) 

1  •6(  6) 

5  1S(  3) 

455( 1 ) 

887(3) 

3.1(7) 

585 (3  ) 

413(1 ) 

902(  3) 

4.4( 8) 

582(3) 

316  (1  ) 

388(3 ) 

4  .6(9  ) 

E42( 2) 

268( 1 ) 

a79(  2) 

2.3( 7) 

394(3) 

219(1  ) 

859(3) 

2.5( 7) 

303(3) 

216(1  ) 

846( 2) 

2.3(6) 

248  ( 3  ) 

263( 1 ) 

860(  2) 

2.4( 9) 

384(3) 

31  1  (1  ) 

879 (2) 

2  .1  (7  ) 

441( 3) 

266(1 } 

871  (  3) 

2.5( 7) 

433  (3  ) 

360  (1  ) 

889( 2) 

2.0( 6) 

52S( 3) 

364 ( 1 ) 

392 ( 2) 

2.2(6) 

369 ( 2  ) 

49  4  (  1  ) 

900(  2) 

1.7(6) 

132(3) 

522  (1  ) 

94  1  (  3  ) 

1  .8  (  5  ) 

149(  2) 

260( 1 ) 

851 (2) 

1.4(5) 

-33  (3  ) 

352 ( 1 ) 

a53( 2) 

2.7( 7) 

THE  ANISOTROPIC  VALUES  (UIJ) 
ARE   GIVEN  BELCW. 


F0«    TH(l)    AND  TH(2) 


Jl  1 

432  (12) 
412( 12) 


U22 

147(6) 

133(6) 


U33 
290(6) 
293  (6) 


01  2 

-2  1  (6  ) 
-8(6) 


U13 
32(7) 
44  (7) 


U23 
18(5) 
-1  (5) 
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Table  30 

Bond  Distances  (in  A)  for  [(Th[PHENSC])20(N03)2(H20)2](N03)4-H20 
With  Estimated  Standard  Deviations 


In  the  Cation 


Th(l] 

-0(1) 

2.50(2) 

Th(2)-0(21) 

2.42(2) 

Th(i; 

-0(2) 

2.45(3) 

Th(2)-0(22) 

2.46(3) 

Th(r 

1-0(3) 

2.66(2) 

Th(2)-0(6) 

2.62(3) 

Th(l 

)-0(4) 

2.63(2) 

Th(2)-0(7) 

2.69(2) 

Th{l 

)-0(23) 

2.15(2) 

Th(2)-0(23) 

2.10(2) 

Th(l 

)-0(24) 

2.52(2) 

Th(2)-0(25) 

2.54(2) 

Th(l 

)-N(l) 

2.69(3) 

Th(2)-N(21) 

2.75(3) 

Th(l 

)-N(2) 

2.77(2) 

Th(2)-N(22) 

2.73(2) 

Th(l 

)-N(5) 

2.71(2) 

Th(2)-N(25) 

2.74(2) 

Th(l 

)-N(10) 

2.78(3) 

Th(2)-N(30) 

2.79(3) 

Th(l 

)-Th(2) 

4.245(2) 

0(1) 

-C(16) 

1.33(4) 

0(21)-C(36) 

1.30(3) 

0(2) 

-C(18) 

1.31(4) 

0(22)-C(38) 

1.28(4) 

LH  J  j 

-run  J 

i  .■ic\'*) 

yj\0)-n\lc) 

0(4) 

-N(ll) 

1.36(3) 

0(7)-N(12) 

1.33(4) 

0(5) 

-N(ll) 

1.20(4) 

0(8)-N(12) 

1.24(3) 

N(l) 

-C(2) 

1.34(4) 

N(21)-C(22) 

1.35(4) 

N(l) 

-C(13) 

1.38(4) 

N(21)-C(33) 

1.37(4) 

N(2) 

-N(3) 

1.34(4) 

N(22)-N(23) 

1.44(3) 

N(2) 

-C(15) 

1.32(4) 

N(22)-C(35) 

1.33(4) 

N(3) 

-C(16) 

1.34(6) 

N(23)-C(36) 

1.30(4) 
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Table 30  Continued 


N(4)-C(16) 

1.27(6) 

N(24) 

-C(36) 

1.34(4) 

N(5)-N(6) 

1.37(4) 

N(25) 

-N(26) 

1.32(4) 

N(5)-C(17) 

1.32(4) 

N(25) 

-C(37) 

1.34(4) 

N(6)-C(18) 

1.38(4) 

N(26) 

-C(38) 

1.40(4) 

N(7)-C(18) 

1.24(5) 

N(27) 

-C(38) 

1.33(6) 

N(10)-C(9) 

1.41(4) 

N(30) 

-C(29) 

1.39(4) 

N(10)-C(ll) 

1.29(5) 

N(30) 

-C(31) 

1.27(5) 

C(2)-C(3) 

1.44(6) 

C(22) 

-C(23) 

1.35(5) 

C(2)-C(15) 

1.48(5) 

C(22] 

-C(35) 

1.40(4) 

C(3)-C(4) 

1.40(6) 

C(23] 

-C(24) 

1.50(5) 

C(4)-C(14) 

1.40(5) 

C(24] 

-C(34) 

1.50(5) 

C(5)-C(6) 

1.32(7) 

C(25] 

-C(26) 

1.38(5) 

C(5)-C(14) 

1.46(5) 

C(25] 

-C(34) 

1.46(5) 

C(6)-C(12) 

1.53(6) 

C(26] 

-C(32) 

1.46(5) 

C(7)-C(8) 

1.34(7) 

c(27; 

-C(28) 

1.32(5) 

C{7)-C(12) 

1.45(6) 

C(27j 

-C(32) 

1.39(4) 

C(8;-C(9; 

1    AC/ C\ 

C(9)-C(17) 

1.34(6) 

C(29; 

-C(37) 

1.43(5) 

C(ll)-C(12) 

1.36(5) 

c(3i; 

-C(32) 

1.43(4) 

C(ll)-C(13) 

1.48(4) 

c(3i; 

-C(33) 

1.45(4) 

C(13)-C(14) 

1.44(5) 

C(33; 

-C(34) 

1.38(5) 
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Table 30  Continued 


In  the  Anions 


N(13)-0(9)  1.21(4)  N(15)-0(15)  1.20(5) 

N(13)-0(10)  1.30(4)  N(15)-0(16)  1.26(4) 

N(13)-0(ll)  1.27(6)  N(15)-0(17)  1.30(4) 

N(14)-0(12)  1.28(4)  N(16)-0(18)  1.24(4) 

N(14)-0(13)  1.30(5)  N(16)-0(19)  1.22(4) 

N(14)-0(14)  1.23(5)  N(16)-0(20)  1.25(4) 
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Table  31 

Bond  Angles  (in  deg)  in  [(Th[PHENSC])20(N03)2(H20)2](N03)4-H20 


n  the 

Cation 

0(l)-Th(l)-0(2) 

65 

5( 

8) 

0(21)-Th(2)-0(22) 

68. 7( 

9) 

0(1)-Th(l)-N(2) 

58 

1( 

8) 

0(21)-Th(2)-N(22) 

59. 5( 

8) 

0(2)-Th(l)-N(5) 

59 

4( 

8) 

0(22)-Th(2)-N(25) 

57. 5( 

.9) 

0(3)-Th(l)-0(4) 

50 

4( 

7) 

0(6)-Th(2)-0(7) 

48. 4( 

J) 

0(3)-Th{l)-0(24) 

72 

8( 

8) 

0(6)-Th(2)-0(25) 

68.31 

[8) 

0(4)-Th(l)-0(24) 

66 

3( 

8) 

0(7)-Th(2)-0(25) 

66.6 

[7) 

0(23)-Th(l)-0(l) 

82 

.41 

.8) 

0(23)-Th(2)-0(21) 

93.2 

[8) 

0(23)-Th(l)-0(2) 

94 

.0 

[8) 

0(23)-Th(2)-0(22) 

80.8 

[9) 

0(23)-Th(l)-N(l) 

85 

.6 

[8) 

0(23)-Th(2)-N(21) 

79.9 

[8) 

0(23)-Th(l)-N(2) 

91 

.1 

[8) 

0(23)-Th(2)-N(22) 

72.3 

[8) 

0(23)-Th(l)-N(5) 

76 

.6 

[8) 

0(23)-Th(2)-N(25) 

87.8 

[8) 

0(23)-Th(l)-N(10) 

73 

.8 

[7) 

0(23)-Th(2)-N(30) 

88.6 

[8) 

N(l)-Th(l)-N(2) 

58 

.8 

[8) 

N(21)-Th(2)-N(22) 

57.9 

[8) 

N(l)-Th(l)-N(10) 

58 

.5 

[8) 

N(21)-Th(2)-N(30) 

59.0 

[8) 

N(5)-Th(l)-N(10) 

61 

.3 

[8) 

N(25)-Th(2)-N(30) 

60.1 

[8) 

Th{l)-0(1)-C(16) 

128 

.9 

[23) 

Th(2)-0(21)-C(36) 

130.3 

[21) 

Th{l)-0(2)-C(18) 

131 

.6 

[23) 

Th(2)-0(22)-C(38) 

132.6 

[24) 

Th(l)-0(3)-N(ll) 

96 

.8 

[17) 

Th(2)-0(6)-N(12) 

99.5 

[20) 

Th(l)-0(4)-N(ll) 

97 

.3 

[17) 

Th(2)-0(7)-N(12) 

92.9 

[16) 

Th(l)-N(l)-C(2) 

126 

.2 

[22) 

Th(2)-N(21)-C(22) 

122.6 

[20) 

Th(l)-N(l)-C(13) 

123 

.1 

[20) 

Th(2)-N(21)-C(33) 

121.4 

[21) 

Th(l)-N(2)-N(3) 

114 

.0 

[20) 

Th(2)-N(22)-N(23) 

112.6 

[16) 
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Table  31  Continued 
Th(l)-N(2)-C(15) 
Th(l)-N(5)-N(6) 
Th{l)-N(5)-C(17) 
Th(l)-N(10)-C(9) 
Th(l)-N(10)-C(ll) 
0(1)-C(16)-N(3) 
0(1)-C(16)-N(4) 
0(2)-C(18)-N(6) 
0(2)-C(18)-N(7) 
0(3)-N(ll)-0(4) 
0(3)-N(ll)-0(5) 
0(4)-N(ll)-0(5) 
N(l)-C(2)-C(3) 
N(l)-C(2)-C(15) 
N(l)-C(13)-C(ll) 
N(l)-C(13)-C(14) 
N(2)-N(3)-C(16) 
N(2)-C(15)-C(2) 
N(3)-N(2)-C(15) 
N(3)-C(16)-N(4) 
N(5)-N(6)-C(18) 
N(5)-C(17)-C(9) 
N(6)-C(18)-N(7) 
N(10)-C(9)-C(8) 
N(10)-C(9)-C(17) 


120.1(20) 

Th(2)-N(22)-C(35) 

123.3(20) 

116.5(20) 

Th(2)-N(25)-N(26) 

118.3(18) 

122.0(22) 

Th(2)-N(25)-C(37) 

123.3(20) 

112.1(20) 

Th(2)-N(30)-C(29) 

116.2(20) 

124.9(22) 

Th(2)-N(30)-C(31) 

120.7(21) 

113.2(34) 

0(21)-C(36)-N(23) 

117.5(29) 

126.9(39) 

0(21)-C(36)-N(24) 

121.0(30) 

114.1(32) 

0(22)-C(38)-N(26) 

113.8(30) 

125.1(36) 

0(22)-C(38)-N(27) 

127.8(35) 

114.9(25) 

0(6)-N(12)-0(7) 

118.9(28) 

128.8(29) 

0(6)-N(12)-0(8) 

127.9(30) 

116.2(28) 

0(7)-N(12)-0(8) 

112.0(26) 

130.1(34) 

N(21)-C(22)-C(23) 

125.2(30) 

113.2(30) 

N(21)-C(22)-C(35) 

117.3(28) 

118.1(28) 

N(21)-C(33)-C(31) 

116.2(28) 

126.5(29) 

N(21)-C(33)-C(34) 

121.5(30) 

122.0(32) 

N(22)-N(23)-C(36) 

117.9(24) 

120.5(28) 

N(22)-C(35)-C(22) 

118.6(28) 

125.3(28) 

N(23)-N(22)-C(35) 

123.6(24) 

119.9(39) 

N(23)-C(36)-N(24) 

121.5(30) 

n\c.o  1  -IN  ^  CO  1      oo  1 

lie  7^?fi^ 

117.7(32) 

N(25)-C(37)-C(29) 

115.7(27) 

119.4(35) 

N(26)-C(38)-N(27) 

118.0(32) 

113.7(30) 

N(30)-C(29)-C(28) 

117.4(28) 

126.8(33) 

N(30)-C(29)-C(37) 

123.2(28) 
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Table  31  Continued 


N(10)-C(ll)-C(12) 

122.4(33) 

N(10)-C(ll)-C(13) 

114.4(30) 

C(2) 

-N(l)-C(13) 

110.7(28) 

C(2) 

-C(33)-C(4) 

114.8(34) 

C(3) 

-C(2)-C(15) 

116.3(31) 

C(3) 

-C(4)-C(14) 

120.2(35) 

C(4) 

-C(14)-C(5) 

122.8(34) 

C(4) 

-C(14)-C(13) 

117.1(32) 

C(5) 

-C(6)-C(12) 

115.6(40) 

C(5) 

-C(14)-C(13) 

120.0(32) 

C(6) 

-C(5)-C(14) 

125.4(38) 

C{6] 

-C(12)-C(7) 

117.4(35) 

C(6] 

-C(12)-C(ll) 

121.1(34) 

C(7] 

-C(8)-C(9) 

125.3(35) 

c(7; 

-C(12)-C(ll) 

121.4(35) 

c(8; 

-C(7)-C(12) 

114.1(38) 

C(8' 

)-C(9)-C(17) 

119.5(33) 

C(9 

)-N(10)-C(ll) 

122.7(29) 

c(i: 

L)-C(13)-C(14) 

114.9(29) 

C(12)-C(ll)-C(13) 

122.5(32) 

C(17)-N(5)-N(6) 

121.5(28) 

Th(l)-0(23)-Th(2) 

174.4(11) 

N(30) 

-C(31) 

-C(32) 

121. 

7( 

29) 

N(30) 

-C(31) 

-C(33) 

121. 

7( 

29) 

C(22) 

-N(21) 

-C(33) 

115. 

9( 

27) 

C(22) 

-C(23) 

-C(24) 

123 

9( 

33) 

C(23) 

-C(22) 

-C(35) 

117 

3( 

30) 

C(23) 

-C(24) 

-C(34) 

104 

7( 

32) 

C(24) 

-C(34) 

-C(25) 

115 

.5( 

32) 

C(24) 

-C(34) 

-C(33) 

126 

.2( 

32) 

C(25) 

-C(26) 

-C(32) 

116 

.21 

30) 

C(25] 

-C(34) 

-C(33) 

118 

.3 

:31) 

C(26] 

-C(25] 

-C(34) 

123 

.4 

[34) 

C(26] 

-C(32] 

-C(27) 

120 

.4 

[30) 

C(26; 

-C(32; 

-C(31) 

123 

.1 

[29) 

C(27; 

-C(28; 

-C(29) 

117 

.6 

[30) 

C(27; 

-C(32; 

-C(31) 

116 

.4 

(30) 

C(28' 

|-C(27' 

-C(32) 

123 

.3 

(32) 

C(28^ 

)-C(29' 

-C(37) 

119 

.2 

(28) 

C(29 

)-N(30" 

)-C(31) 

122 

.9 

(28) 

C(31 

)-C(33 

)-C(34) 

122 

.3 

(30) 

C(32 

)-C(31 

)-C(33) 

116 

.5 

(28) 

C(37 

)-N(25 

)-N(26) 

118 

.0 

(26) 
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Table  31  Continued 


In  the 

Anions 

0(9)-N(13)-0{10) 

115.3(34) 

0(15)-N(15)-0(16) 

124.2(35) 

0(10)-N(13)-0(11) 

116.0(37) 

0(16)-N(15)-0(17) 

116.2(34) 

0(ll)-N(13)-0(9) 

128.6(39) 

0(17)-N(15)-0(15) 

118.6(34) 

0(12)-N(14)-0(13) 

114.2(34) 

0(18)-N(16)-0(19) 

123.3(34) 

0(13)-N(14)-0(14) 

119.4(34) 

0(19)-N(16)-0(20) 

117.4(34) 

0(14)-N(14)-0(12) 

124.2(36) 

0(20)-N(16)-0(18) 

119.2(32) 
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Table  32 

Least-Squares  Planes  for  Th(l)-PHENSC  in 
[(Th[PHENSC])20(N03)2(H20)2](N03)4-H20a 


Atom 

PHEN 

Side  (1) 

Side  (2) 

Donors 

Th(l) 

-294 

176 

-528 

OO  1 

-281 

0(1) 

526 

1256 

13* 

3  do'' 

0(2) 

-521 

18* 

-1005 

"371  * 
-611 

N(l) 

-36* 

353 

8 

-168* 

N(2) 

238 

925 

-26* 

-85* 

N(3) 

354 

1184 

-71* 

-48 

N(4) 

755 

1750 

47* 

352 

N(5) 

-237 

10* 

-441 

108* 

N(6) 

-341 

-44* 

-693 

70 

N(7) 

-441 

63* 

-1080 

-83 

N(10) 

-46* 

114 

41 

150* 

C(2) 

48* 

534 

94 

-247 

C(3) 

47* 

501 

236 

-337 

C(4) 

-30* 

267 

320 

-314 

C(5) 

-9* 

9 

517 

-13 

C(6) 

-17* 

-111 

530 

142 

C(7) 

45* 

-116 

443 

455 

C(8) 

92* 

-14 

340 

558 

C(9) 

-21* 

37 

61 

345 

c(ii) 

-84* 

28 

145 

53 
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Table  32 

Continued 

Atom 

PHEN 

Side  (1) 

Side  (2) 

Donors 

C(i2; 

-00 

-7fi 

347 

198 

CU3) 

to 

232 

-19 

CU4; 

1  Q* 

382 

-94 

r  / 1  c  ^ 

loi 

831 

55* 

-214 

1  3Q7 

-19* 

217 

rlM\ 

-/ u 

97* 

-127 

369 

-  JtO 

-74* 

-1029 

-223 

a 

-0.0282 

-0.0834 

0.0909 

-0.0539 

m 

-0.0639 

0.0384 

-0.1098 

-0.1834 

n 

0.9976 

0.9958 

0.9898 

0.9816 

P 

7.406 

7.967 

7.310 

5.855 

3  ° 

^  The  title  of  the  plane  is  followed  by  the  deviations  (x  10   A)  of 
the  atoms  listed  in  the  left-hand  column.    The  atoms  used  to  define 
the  plane  are  denoted  by  asterisks.    The  deviation  equals  aX+mY+nZ-p, 
where  X,  Y,  and  Z  are  the  orthogonal  coordinates  (in  A)  relative  to 
a,  b,  and  c  sin  6;  2,,  m  and  n  are  the  direction  cosines;  and  p  is 
the  distance  of  the  plane  from  the  origin  (in  A). 
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Table  33 

Least-Squares  Planes  for  Th(2)-PHENSC  in 
[(Th[PHENSC])20(N03)2(H20)2](N03)4.H20a 


Atom 

PHEN 

Side  (1) 

Side  (2) 

Donors 

Th(2) 

490 

226 

-441 

287 

0(21) 

950 

641 

37* 

476* 

0(22) 

-1 

-10* 

-1554 

-278* 

N(21) 

99* 

-442 

-88 

-11* 

N(22) 

81 

-481 

-125* 

-324* 

N(23) 

166 

-391 

-96* 

-396 

N(24) 

766 

351 

66* 

33 

N(25) 

-50 

-11* 

-1653 

-43* 

N(26) 

-166 

6* 

-2105 

-208 

N(27) 

-296 

-23* 

-2534 

-551 

N(30) 

75* 

-167 

-805 

181* 

C(22) 

-11* 

-702 

162 

-221 

C(23) 

-208* 

-1040 

337 

-380 

C(24) 

21* 

-831 

640 

4 

C(25) 

36* 

-627 

246 

285 

C(26) 

35* 

-477 

-105 

396 

C(27) 

-36* 

-244 

-919 

375 

C(28) 

-138* 

-208 

-1371 

232 

C(29) 

-8* 

-92 

-1254 

199 

C(31) 

54* 

-318 

-489 

203 
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Table  33  Continued 


1  au  1  c 

Atom 

PHEN 

Side  (1) 

Side  (2) 

Donors 

C(32) 

-7* 

-372 

-525 

oUU 

C(33) 

63* 

-473 

-99 

104 

C(34) 

24* 

-654 

233 

iiU 

C(35) 

-23 

-723 

135* 

ooo 
-ooo 

C{36) 

610 

183 

-16* 

20 

C(37) 

-65 

_2* 

-1688 

94 

C(38) 

-105 

39* 

-2017 

-306 

£ 

-0.0446 

-0.1427 

0.2138 

-0.0042 

m 

-0.0754 

-0.1490 

0.0874 

-0.1816 

n 

0.9962 

0.9785 

0.9730 

0.9834 

P 

10.609 

9.712 

13.444 

9.655 

3  ° 

^  The  title  of  the  plane  is  followed  by  the  deviations  (X  10   A)  of 
the  atoms  listed  in  the  left-hand  column.    The  atoms  used  to  define 
the  plane  are  denoted  by  asterisks.    The  deviation  eqyals  JlX+mY+nZ-p, 
where  X,  Y,  and  Z  are  the  orthogonal  coordinates  (in  A)  relative  to 
a,  b,  and  c  sin  6;  £,  m  and  n  are  the  directiog  cosines;  and  p  is 
the  distance  of  the  plane  from  the  origin  (in  A). 
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Table  35 


A  Comparison  of  the  Interplanar  Angles  for  the  Coordination 
Polyhedron  in  {[Th(PHENSC)(H20)(N03)]20}(N03)4-H20  Around  Th(l) 


Edge 

Observed* 
Angl  e 

1  licU  1  c  t  1  Ld  1 

1-6-3 

o udyycr  cU 

r u  1  y iicu I  Uii 

1-6-3 

0(l)-0(23) 

56.27 

40.09 

70.90 

0(2)-0(23) 

27.04 

40.09 

10.27 

N(l)-0(23) 

37.68 

40.09 

70.90 

N(2)-0(23) 

33.21 

40.09 

10.27 

N(5)-0(23) 

50.39 

40.09 

70.90 

N(10)-0(23) 

48.67 

40.09 

10.27 

0(l)-0(2) 

66.17 

75.50 

62.36 

0(2)-N(5) 

68.45 

58.85 

62.36 

N(5)-N(10) 

55.04 

75.50 

62.36 

N(10)-N(l) 

59.28 

58.85 

62.36 

N(l)-N(2) 

71.68 

75.50 

62.36 

N(2)-0(l) 

66.66 

58.85 

62.36 

0(3)-0(4) 

60.19 

61.30 

46.35 

0(3)-0(24) 

41.53 

61.30 

46.35 

0(4)-0(24) 

51.66 

61.30 

46.35 

0(3)-N(5) 

52.59 

57.98 

38.58 

0(3)-G(2) 

33.29 

57.98 

47.58 

0(3)-N(10) 

31.74 

** 

47.58 

0(4)-N(l) 

57.79 

57.98 

38.58 

0(4)-N(10) 

27.62 

57.98 

47.58 

0(4)-N(2) 

18.57 

** 

47.58 
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Table  35  Continued  

Theoretical  Polyhedron 


Observed*  1-6-3  1-6-3 

Edge  Angle  Staggered  Eclipsed 

0(24)-0(l)  47.00  57.98  38.58 

0(24)-N(2)  45.46  57.98  47.58 

0(24)-0(2)  45.13  **  47.58 

RMS  =   13.53  17.23 


♦Angle  calculated  after  all  Th-donor  distances  were  normalized  to 
1.0  A. 

**No  value  was  calculated,  since  this  is  not  an  external  edge  of  the 
polyhedron. 
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Table  36 

A  Comparison  of  the  Interplanar  Angles  for  the  Coordination 
Polyhedron  in  {[Th(PHENSC) (H^O) (N03)]20}(N03)4-H20  Around  Th(2) 

Theoretical  Polyhedron 


Edge 

Observed* 
Angle 

1-6-3 
Staggered 

1-6-3 
Eclipsed 

0(21)-0(23) 

25.37 

40.09 

10.27 

0(221-0(23) 

55.76 

40.09 

70.90 

N(21)-0(23l 

41.01 

40.09 

10.27 

N( 221-0(23) 

56,00 

40.09 

70.90 

N(25l-0(23) 

38.31 

40.09 

10.27 

N(30)-0(23l 

36.97 

40.09 

70.90 

0(211-0(22) 

60.42 

58.85 

62.36 

0(22l-N(25) 

70.01 

75.50 

62.36 

N(25)-N(30) 

63.43 

58.85 

62.36 

N(30l-N(21) 

78.30 

75.50 

62.36 

N(21)-N(22l 

57.47 

58.85 

62.36 

67  44 

75.50 

62.36 

n(fi)-0(7 1 

62  88 

61.30 

46.35 

0(6)-0(25) 

41.52 

61.30 

46.35 

0(7)-0(25) 

54.26 

61.30 

46.35 

0(6)-0(22) 

50.44 

57.98 

38.58 

0(6)-0(21) 

50.07 

57.98 

47.58 

0(6)-N(25) 

13.98 

** 

47.58 

0(7)-N(30) 

58.58 

57.98 

38.58 

0(7)-N(25) 

45.54 

57.98 

47.58 
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Table  36  Continued 


Edge 

Observed* 
Angle 

Theoretical 
1-6-3 
Staggered 

Polyhedron 
1-6-3 
Eclipsed 

0(7)-N(21) 

** 

** 

47.58 

0(25)-N(21) 

56.19 

57.98 

47.58 

0(25)-0(21) 

32.55 

** 

47.58 

0(25)-N(22) 

44.48 

57.98 

38.58 

RMS    =  9.38 

16.93 

*Angle  calculated  after  all  Th-donor  distances  were  normalized  to 
1.0  A. 

**No  value  was  calculated,  since  this  is  not  an  external  edge  of  the 
polyhedron. 
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Table  37 


A  Comparison  of  the  Interplanar  Angles  for  the  Coordination 
Polyhedron  in  {[Th(PHENSC)(H20)(N03)]20}(N03)4-H20  Around  Th(l) 


Edge 

Observed* 
Angle 

1  neore ui ca i 
1-6-3 
i>  taggereu 

r  U  1  jr  1  IcU  1  Ui  1 

1-6-3 

CL  1  1  pocvJ 

0(l)-0(23) 

56.27 

44.42 

44.42 

0(2)-0(23) 

27.04 

44.42 

44.42 

N(l)-0(23) 

37.68 

44.42 

44.42 

N(2)-0(23) 

33.21 

44.42 

44.42 

N(5)-0(23) 

50.39 

44.42 

44.42 

N(10)-0(23) 

48.67 

44.42 

44.42 

0(l)-0(2) 

66.17 

76.32 

67.46 

0(2)-N(5) 

68.45 

63.80 

67.46 

N(5)-N(10) 

55.04 

76.32 

67.46 

N(10)-N(l) 

59.28 

63.80 

67.46 

N(l)-N(2) 

71.68 

76.32 

67.46 

N(2)-0(l) 

66.66 

63.80 

67.46 

0(3)-0(4) 

60.19 

54.57 

49.11 

0(3)-0(24) 

41.53 

54.57 

49.11 

0(4)-0(24) 

51.66 

54.57 

49.11 

0(3)-N(5) 

52.59 

53.06 

53.13 

0(3)-0(2) 

33.29 

53.06 

28.56 

0(3)-N(10) 

31.74 

★* 

28.56 

0(4)-N(l) 

57.79 

53.06 

53.13 

0(4)-N(10) 

27.62 

53.06 

28.56 
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Table  37  Continued 


Edge 

Observed* 
Angle 

Theoretical 
1-6-3 
Staggered 

Polyhedron 
1-6-3 
Eel ipsed 

0(4)-N(2) 

18.57 

** 

28.56 

0(24)-0(l) 

47.00 

53.06 

53.13 

0(24)-N(2) 

45.46 

53.06 

28.56 

0(24)-0(2) 

45.13 

** 

28.56 

RMS  =  11.53 

8.97 

*  Angle  calculated  after  all  Th-donor  distances  were  normalized 
to  1.0  A. 

**No  value  was  calculated,  since  this  is  not  an  external  edge  of 
the  polyhedron. 
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Table  38 

A  Comparison  of  the  Interplanar  Angles  for  the  Coordination 
Polyhedron  in  {[Th(PHENSC) (H^O) (N03)]20}(N03)4-H20  Around  Th(2) 

Theoretical  Polyhedron 


Edge 

Observed* 
Angle 

1-6-3 

Staggered 

1-6-3 

Eel ipsed 

0(21)-0(23) 

25.37 

A  A  AO 

A  A  AO 

44 .  4d 

0(22)-0(23) 

55.76 

A  A  AO 

44.4^1 

AA  AO 

44 .  4<i 

N(21)-0(23) 

41 .01 

A  A  AO 

44.4c 

AA  AO 
44 .  4t 

N(22)-0(23) 

c  r  r\r\ 

56.00 

A  A  AO 

44. 4t: 

AA  AO 
44 .  4<1 

N(25)-0(23) 

38.31 

A  A  AO 

44.4c 

/I  /I  AO 
44 .4<: 

N(30)-0(23) 

36.97 

A  A  AO 

44.4c 

/I  /I   /1 9 
44.4^ . 

0(21)-0(22) 

60.42 

c  o  on 

63.80 

i 

CI  AC 

0/  .4b 

0(22)-N(25) 

70.01 

T/T  ^O 

76.32 

0/  .4b 

N(25)-N(30) 

63.43 

63.80 

^  "7  AC 

5/  .4b 

N(30)-N(21) 

78.30 

76.32 

67.46 

N(21)-N(22) 

57.47 

63.80 

67.46 

N(22)-0(21) 

67.44 

76.32 

67.46 

0(6)-0(7) 

62.88 

54.57 

49.11 

0(6)-0(25) 

41.52 

54.57 

49.11 

0(7)-0(25) 

54.26 

54.57 

49.11 

0(6)-0(22) 

50.44 

53.06 

53.13 

0(6)-0(21) 

50.07 

53.06 

28.56 

0(6)-N(25) 

13.98 

28.56 

0(7)-N(30) 

58.58 

53.06 

53.13 

0(7)-N(25) 

45.54 

53.06 

28.56 
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Table  38  Continued 


Edge 

Observed* 
Angle 

Theoretical 
1-6-3 
Staggered 

Polyhedron 
1-6-3 
Eel i  psed 

0(7)-N(21) 

** 

** 

28.56 

0(25)-N(21) 

56.19 

53.06 

28.56 

0(25)-0(21) 

32.55 

★* 

28.56 

0(25)-N(22) 

44.48 

53.06 

53.13 

RMS  =  8.15 

11.96 

*  Angle  calculated  after  all  Th-donor  distances  were  normalized 

o 

to  1.0  A. 

**No  value  was  calculated,  since  this  is  not  an  external  edge  of 
the  polyhedron. 


APPENDIX 

The  [Mn(urea)g](C10^)2  was  corrected  for  diamagnetism  by  using 

1.  +4.  48,109 

Pascal  s  constants. 

Pascal's  Corrections  for  Diamagnetism 


C  -6.00  X  10"    c.g.s.  Units 

H  -2.93 

N  -5.57 

0  -4.61 

CIO4'  -32.0 

Mn^"^  -10.0 
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